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ABSTRACT
INFRARED AND X-RAY STUDIES OF THE GALACTIC
CENTER
SEPTEMBER 2011
HUI DONG
B.Sc., UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Daniel Q. Wang
The purpose of this dissertation is to locate evolved massive stars within the
central 50 pc of the Galactic Center. These stars are considered to be the descendants
of O stars and should be less than 10 Myr old. They trace young star clusters
within the Galactic Center. Through these stars and young star clusters, we hope to
understand the star formation mode and history within the Galactic Center, as well
as the properties of evolved massive stars in the high metallicity environment. We
first study the Chandra X-ray deep survey of the Arches and Quintuplet clusters, two
of the three young massive star clusters within the Galactic Center. The diffuse X-ray
emission is used to constrain their initial mass function and we find a deficiency of low-
mass stars, which could be explained by an ongoing collision between the clusters and
the adjacent molecular clouds. We then perform a systematic search of young massive
stars on a large scale within the Galactic Center through our new HST/NICMOS
Paschen-α survey. We produce mosaic maps of the Paschen-α line and continuum
vi
emission, giving an unprecedentedly high resolution and high sensitivity panoramic
view of stars and photo-ionized gas in the nuclear environment of the Galaxy. Many
new HII regions and extended emission regions have been found. Combined with the
archived HST snapshot observations and spectroscopic observations, we construct a
sample of 180 potentially evolved massive stars. A multi-wavelength study of these
stars is conducted. We find that young massive stars have continued to form within
the Galactic Center during the last 10 Myr and some of the evolved massive stars
may represent star formation in small groups or even in isolation, compared to the
three massive star clusters within the Galactic Center.
vii
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CHAPTER 1
INTRODUCTION
Galactic nuclei are suggested to play an important role in galaxy formation and
evolution through the duty cycle (Hopkins & Hernquist, 2006): fueled by previous
starburst activities triggered by infall of molecular clouds or mergers of gas-rich galax-
ies, the central super-massive black holes (SMBHs) blow out the shroud of dust and
move host galaxies into the spheroidal phase. Important evidence in support of this
hypothesis is provided by the anti-correlation between the mass of SMBHs and as-
sociated nuclear clusters (NCs, Graham & Spitler, 2009). Understanding how stars
form in this harsh environment is important because there are two means by which
gas can be removed before it gets into the potential of supermassive black hole: it
can be converted to stars, or ejected by the mechanical output of massive stars.
Because of its proximity, the Galactic center (GC) allows us to image it at reso-
lutions more than 100 times better than the next-nearest example. The GC includes
a multitude of complex astrophysical phenomena, for instance, young star clusters,
energetic supernova remnants, numerous cataclysmic variables, HII regions, ionized
and diffuse hot gas, giant molecular clouds (GMCs) and the magnetic field, which
may be common to the nuclear regions of many galaxies. Therefore, the GC provides
us with a unique case study and a template to the nearby galactic nuclei. Due to
the importance of the GC, this unique sky region has been mapped in X-ray (ASCA:
Koyama et al. 1996, XMM-Newton: Warwick 2002, Chandra: Wang, Gotthelf &
Lang 2002), near-infrared (2MASS : van Dyk et al. 1999, UKIRT: Lawrence et al.
2007) and mid-infrared (Spitzer: Stolovy et al. 2006). These comprehensive datasets
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have both high angular resolution and sensitivity and provide us a good opportunity
to study various activities in the GC in unparalleled details.
Morris & Serabyn (1996) named the central 200 pc of the GC as the Central
Molecular Zone (CMZ), which is filled with high-density molecular gas. This region
contains roughly 10% of the molecular clouds within the Milky Way. Pierce-Price et
al. (2000) estimated that the total mass of the molecular clouds within the central 400
pc is ∼ 5 × 107M⊙. The temperature of these molecular clouds is 30-200 K (Morris
et al., 1983), much higher than those in the Galactic Disk (7-12 K). Because of high
temperature, high internal velocity dispersions (∼15-50 km−1) and strong magnetic
field (several mG), the Jeans mass should be very high, around ∼ 105M⊙. The
existence of the SMBH, Sgr A* (Ghez et al., 2008) also requires the density of the
molecular clouds to be over 104 cm−3 to avoid being destroyed by the strong tidal
forces. Therefore, within the GC, only massive and dense giant molecular clouds
can survive and self-collapse. As a result, massive star clusters could be preferable.
Interestingly, these clouds are not symmetric around the GC. Instead, 2/3 of them
are located on the positive Galactic longitude side (Morris & Serabyn, 1996; Martin
et al., 2004). This noncircular motion could be caused by the existence of a bar, and
the dynamical friction between clouds could bring them into the GC. The collision of
these molecular clouds within the GC could be another way to form star clusters.
Indeed, three massive star clusters, i.e. Arches, Quintuplet and Central clusters,
have been found within the central ∼ 30 pc of the GC. All of them are massive,
compact, and young (Arches ∼ 2.5 Myr, Quintuplet ∼ 4 Myr, Central ∼ 6 Myr,
∼ 104 M⊙, Figer et al., 1999a, 2002; Genzel et al., 2003; Stolte et al., 2008, and
reference therein). 55 Wolf-Rayets (WRs), two luminous blue variables (LBVs), tens
of OB supergiants, and hundreds of massive main-sequence (MS) stars have been
found within these clusters, and together these stars contribute about half of Lyman
continuum photons within the central several hundred parsec of the GC (Figer et
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al., 2004). The Arches cluster is even considered to be the analogue of super star
clusters (SSCs) in the starburst galaxies. In general, their properties seem to be
different from the star clusters located in the Galactic Disk. For example, the intial
mass function (IMF) of the Arches and Central clusters is much flatter than the
traditional Salpeter IMF (Stolte et al., 2002; Bartko et al., 2010), i.e. there are more
massive stars (> 8M⊙) within these clusters. These clusters also have super-solar
metallicity (Martins et al., 2007, 2008).
Outside of these three known star clusters in the GC, the search continues for ad-
ditional young star clusters. Using N-body simulation, Portegies Zwart et al. (2002)
proposed that the star clusters similar to the three massive star clusters within the
200 pc of the GC would hide in the strong stellar background within 20 Myr due to
the strong tidal force in the GC, and after 50 Myr, they dissolve finally. Therefore,
we expect that besides the three massive ones, there could be some remnants of the
other massive star clusters within the GC. Figer et al. (2004) studied the K-band lu-
minosity function obtained by the HST/NIC2 snapshot observations toward the GC.
He found that the luminosity function could be mostly explained by a continuous star
formation processes with the star formation rate ∼ 0.02 M⊙/year, which is twice the
rate derived from the three massive star clusters. Additionally, twice the number of
ionization photons from the three massive star clusters are needed to account for the
far-IR luminosity from the central 500 pc (Mauerhan et al., 2010a). These findings
support the conclusion that there should be massive stars which are outside of these
three clusters and haven’t yet been recognized by previous near-IR survey toward the
GC yet. However, during the last two decades, the process of searching for young
massive stars within the central 50 pc of the GC has been very slow. The main
challenge is how to distinguish massive stars from evolved low-mass ones, which show
similar colors in the near-IR survey.
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Recently, dozens of new massive stars have been found within the GC by several
groups. Cotera et al. (1999) discovered six stars with strong Brγ emission. Compared
to the atlas of hot stars’ spectra, these stars should be either WRs or in a trainsient
phase between MS and WRs. Homeier et al. (2003a) mapped three square degrees
toward the GC with seven narrow-band filters (four line emission filtes and three
adjacent continuum filters). They found four new WRs toward the GC (Homeier et
al, 2003). Recently, more than ten evolved massive stars (EMSs) have been found
through searching the X-ray and near-IR counterparts within the GC (Muno et al.,
2006; Mikles et al., 2006; Mauerhan et al., 2007, 2009, 2010a) and confirmed by the
follow-up ground-based spectroscopic observations. These preliminary observations
suggest that the current star formation process within the GC is not constrained
within these three clusters. However, unfortunately, this sample of EMSs within the
GC is sporadic and incomplete.
Massive stars affect the nearby interstellar medium (ISM) through various meth-
ods. For example, massive stars release large amounts of ultraviolet radiation. They
also produce strong stellar winds throughout their short lives and die in supernova
explosions. Such energetic stellar output dramatically shapes the morphology of the
ISM, as is revealed in existing radio, mid-infrared, and X-ray maps (Fig. 1.1; e.g.,
Yusef-Zadeh, Morris & Chance, 1984; Yusef-Zadeh et al. , 2002; Wang, Gotthelf &
Lang, 2002; Wang, Dong & Lang, 2006; Muno et al., 2009). Perhaps the best-known
example of this is the Radio Arc region which surrounds the Arches and Quintuplet
clusters: a collection of arc-like thermal filaments, synchrotron-bright non-thermal
linear filaments, and diffuse, hot gas. Some of the structures within this region, the
Sickle HII region ionization front and photoevaporated pillars in particular, suggest
that gas is being collected and compressed (Cotera et al., 2006), and morphologi-
cally resembles known regions outside the GC where such processes are believed to
have led to the formation of a new generation of stars (e.g. M16; Smith, Stassun &
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Figure 1.1 A multiwavelength montage of the GC: the Very Large Array 20-cm con-
tinuum (red; Yusef-Zadeh, Morris & Chance 1984), Spitzer 8m (green; Stolovy et al.
2006; Arendt et al. 2008) and Chandra ACIS-I 19 keV (blue; Wang, Gotthelf & Lang
2002; Muno et al. 2009). The three known massive young clusters are shown, as well
as the outer border of the Paschen-α survey.
Bally (2005)). The energy injection from massive stars and possibly from the central
SMBH, that is coincident with the radio source Sgr A*, may also strongly affect the
thermal and/or dynamical properties of the ISM. Molecular gas in the GC, for exam-
ple, has unusually high turbulent velocities and temperatures compared to clouds in
other parts of the Galaxy (e.g., Morris & Serabyn, 1996).
A complete census of massive stars within the GC could help us: 1) construct a
massive-star zone. Currently, within the GC, there are > 100 evolved massive stars
with various initial mass and spanning a wide range of stellar types, from OB super-
giants, LBVs to WNs and WCs. They are important for us to study the evolutionary
process of massive stars with high metallicity. 2) find new young star clusters. The
age of these evolved massive stars is very short, less than 10 Myr. They trace the
underlying young stellar clusters, which may be dissolved due to the strong tidal
forces. Additionally, the properties of these clusters are also very interesting, such
as the IMF. 3) understand the star formation mode within this hostile environment,
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characterized by the high temperture, density and magnetic field (Morris & Serabyn,
1996). After finding the missing star clusters, we can calculate their total mass. Their
location and potential velocity information could give us some insight into about their
formation process. 4) study star formation efficiency, i.e. how many molecular clouds
have been converted into stars before accreting onto the central SMBH. 5) calculate
how much energy massive stars have input into nearby molecular clouds, through
ionization, strong stellar wind and supernova feedback. In order to understand the
questions above, a systematic pursuit of young massive stars within the GC is urgent.
In this thesis, we first concentrate on the three massive star clusters within the
GC. In Chapter 2, we utilize the Chandra deep survey to study the Arches and
Quintuplet clusters. We study the properties of the X-ray point sources and use
the flux of the diffuse emission to constrain the IMF of the Arches cluster. Then,
we extend our scope of research to search young star clusters within the central ∼
100 pc of the GC. We describe the observation strategy and data analysis process of
our HST/NICMOS GC Paschen-α survey in Chapter 3 and present the preliminary
products and discussion in Chapter 4. By using our survey, previous HST snapshot
observations and ground-based spectroscopic observations, we construct a catalog of
180 potential EMSs toward the GC. We present a multi-wavelength study of these
sources to derive properties of the EMSs and use them to infer the star formation
mode and history within the GC during the last 10 Myr in Chapter 5. We summarize
our results and post several future prospects in Chapter 6.
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CHAPTER 2
CHANDRA OBSERVATIONS OF THE ARCHES AND
QUINTUPLET CLUSERS
2.1 Abstract
We present a 100 ks Chandra ACIS observation of the Arches and Quintuplet star
clusters. We also report on a complementary mapping of the dense molecular gas
near the Arches cluster made with the Owens Valley Millimeter Array. The sources
in the core of the Arches and Quintuplet clusters are most likely extreme colliding
wind massive star binaries. The diffuse X-ray emission from the core of the Arches
cluster has a spectrum showing a 6.7-keV emission line and a surface intensity profile
declining steeply with radius, indicating an origin in a cluster wind. In the outer
regions near the Arches cluster, the overall diffuse X-ray enhancement demonstrates
a bow shock morphology and is prominent in the Fe Kα 6.4-keV line emission with
an equivalent width of ∼ 1.4 keV. Much of this enhancement may result from an
ongoing collision between the cluster and the adjacent molecular cloud, which have a
relative velocity ∼> 120 km−1. The older and less compact Quintuplet cluster contains
much weaker X-ray sources and diffuse emission, probably originating from low-mass
stellar objects as well as a cluster wind. However, the overall population of these
objects, constrained by the observed total diffuse X-ray luminosities, is substantially
smaller than expected for both clusters, if they have normal Miller & Scalo initial mass
functions. This deficiency of low-mass objects may be a manifestation of the unique
star formation environment of the Galactic center, where high-velocity cloud-cloud
and cloud-cluster collisions are frequent.
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2.2 Introduction
Both the Arches and Quintuplet clusters are known X-ray emitters. Discovered
serendipitously at a large off-axis angle (∼ 7′) in an initial 50 ks Chandra ACIS-I
observation (Yusef-Zadeh et al. , 2002), the X-ray emission arising from the Arches
cluster was resolved into discrete and diffuse components. In a later 12 ks ACIS-
I observation during a large-scale GC survey (Wang, Gotthelf & Lang, 2002), the
X-ray core of the cluster was further resolved into two separate components (Wang
, 2003; Law & Yusef-Zadeh , 2004). The apparent diffuse X-ray component was
speculated to arise from the so-called cluster wind (Raga et al. , 2001; Yusef-Zadeh
et al. , 2002). Because of the high number density of massive stars, their stellar
winds collide with each other and can be largely thermalized to form a plasma with
an initial temperature of a few times 107 K. The expanding of this plasma may then
be considered as a wind from the entire cluster. However, the quality of the previous
observations is not adequate for a quantitative test of this scenario. In particular,
the diffuse X-ray spectrum shows a distinct 6.4-keV emission line from neutral or
weakly ionized irons. The origin of this line is unknown. The X-ray emission from
the Quintuplet cluster is substantially weaker. The detection of a few discrete sources
and possible diffuse emission in the region has been reported; but detailed spectral
and timing information is not yet available (Wang , 2003; Law & Yusef-Zadeh , 2004)
To further the study of these two clusters and their relationship to the environ-
ment, we have obtained an 100 ks Chandra ACIS-I observation. We have further
carried out a complementary imaging study of the molecular gas in the immediate
surroundings of the Arches cluster using the six-element Owens Valley Millimeter Ar-
ray. With these observations and other multi-wavelength data, we present an in-depth
study of various point-like and diffuse X-ray sources in and around the clusters.
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2.3 Observations and Data Reduction
2.3.1 Chandra Observations
Our deep Chandra ACIS-I observation (Obs. ID: 4500) was carried out on June 9,
2004. The Arches cluster was placed about 1′ away from the aim-point to minimize the
effect of the CCD gaps on mapping the extended X-ray emission around the cluster.
This slight offset from the axis had a negligible effect on the spatial resolution for the
Arches cluster. We used the “very faint” mode for a better discrimination and removal
of charged particle induced events. We have reprocessed the data, using the CIAO
software (version 3.2.1) and calibration database (version 3.0.0). This reprocessing
includes both charge transfer inefficiency (CTI) and gain corrections as well as the
removal of time intervals contaminated by background flares. The total reprocessed
good time (live-time) is 98.6 ks. We create ACIS-I event images and corresponding
exposure maps in the 1-2.5, 2.5-4, 4-6, and 6-9 keV bands.
We detect X-ray sources, following the same procedure as detailed in Wang (2004).
The detection, optimized for point-like sources, uses a combination of algorithms:
wavelet, sliding-box, and maximum likelihood centroid fitting. The source detections
are carried out in the 1-4 keV, 4-9 keV, and 1-9 keV bands. The detected sources
in the three bands are merged together. Multiple detections with overlapping 2σ
centroid error circles are considered to be the same source, and the centroid with the
smallest error is adopted. The accepted source candidates generally have individual
local false detection probabilities P ≤ 10−7. But in the vicinity (2′ × 2′ field) of the
clusters, we also include sources detected with reduced significances 10−7 < P ≤ 10−5.
Over the entire search, the expected false detection probability is ∼ 1.
We check the astrometry of the X-ray observation, based on the multi-wavelength
comparisons. A SIMBAD search gives some potential counterparts within the 3σ
error radius around each detected X-ray source. A few sources in the Arches cluster
have radio counterparts, which have accurate positions (∼ 0.1′′; Lang et al. 2005.
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A comparison of the two bright X-ray/radio pairs (92/AR1 and 93/AR4; Table 2.1)
shows that their positions are all within 0.3′′, consistent with their statistical and
systematic uncertainties (Table 2.2). Finding exact matches of X-ray sources with
near-IR objects is generally more difficult, because they are numerous and typically
have relatively large absolute position uncertainties of ∼ 1′′ − 2′′. We approximately
correct for the relatively shifts of the near-IR positions to the X-ray positions, using
the original HST NICMOS observations of the Arches and Quintuplet clusters as well
as the coordinates of individual NIR objects (2, 6, 7, and 9 for the Arches and 211,
242, 231, and 257 for the Quintuplet) listed in (Figer et al., 1999a, 2002). The HST-to-
Chandra RA. and Dec. shifts are -0.52′′and 0.29′′for the Arches cluster and -0.43′′and
-0.32′′for the Quintuplet cluster, respectively. These shifts are then applied to the
NICMOS images to facilitate the comparison with the X-ray data. The uncertainties
in these astrometry corrections should be around 0.3′′, dominated by the errors in the
X-ray source centroids.
To construct “diffuse” X-ray maps, we excise the detected sources from the ACIS-I
data. For each source with a count rate (CR) ≤ 0.01 counts s−1, we exclude a circular
region with a radius of 1.5 times the 90% PSF energy enclosed radius (EER). For
sources with CR > 0.01 cts/s, this radius is multiplied by an additional factor of
1+log(CR/0.01) to further minimize the contamination from the PSF wing.
For the background subtraction in our imaging analysis, we use the blank-sky
data with a total exposure of 550 ks. The data are re-projected to mimic individual
observations. The background subtraction is mostly to remove the contribution from
events induced by charged particles. Of course, the blank-sky data also contains
cosmic X-ray radiation. Its intensity varies from one part of the sky to another,
mostly at energies below ∼ 1 keV. At higher energies, the radiation is negligible,
compared to the fluxes due to charged particle-induced events and to the emission
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Table 2.1. Identifications of the X-ray Sources
Source Sourcea NIRb Radioc
(1) (2) (3) (4)
Arches Cluster
85 A6 2 (WNL) AR6+AR10
90 A2 9 (WNL) –
92 A1S 6 (WNL) AR1
93 A1N 7 (WNL) AR4
Quintuplet Cluster
214 QX1 242 –
215 QX5 231 (DWCL) QR7
216 QX2 257 (B0 I) QR6
217 QX3 211 (DWCL) –
219 QX4 – –
244 344 (B1 I-B3 I) –
aAlternative X-ray source names given by Yusef-
Zadeh et al. (2002); Law & Yusef-Zadeh (2004).
bNear-infrared counterparts: FMS1999 from Figer
et al. (1999a) for the Quintuplet and FNG2002 from
Figer et al. (2002) for the Arches: WNL - late-type
WN stars (WN7-WN9); DWCL - dusty late-type
WC stars.
cRadio counterparts from Lang et al. (2005).
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Table 2.2. Chandra Source List
Source CXGCS Name δx (
′′) CR ( cts ks−1) HR HR2 Flag
(1) (2) (3) (4) (5) (6) (7)
85 J174549.73-284926.1 0.3 0.43± 0.08 – – B, H
90 J174550.26-284911.9 0.2 7.48± 0.29 −0.32± 0.05 −0.30± 0.06 B, S, H
92 J174550.41-284922.4 0.2 11.03± 0.36 −0.34± 0.04 −0.40± 0.05 B, S, H
93 J174550.47-284919.7 0.2 6.90± 0.29 −0.39± 0.05 −0.50± 0.06 B, S, H
213 J174614.44-284908.6 0.6 1.49± 0.14 0.27± 0.12 −0.65± 0.09 B, H, S
214 J174614.51-284937.2 0.6 0.70± 0.11 −0.81± 0.12 – B, S
215 J174614.67-284940.3 0.7 0.34± 0.09 – – B, S
216 J174615.14-284932.9 0.7 0.50± 0.10 – – B, S
217 J174615.85-284945.5 0.8 0.57± 0.10 – – B, H
219 J174616.29-284940.8 0.8 0.34± 0.09 – – B, H
Sources detected with 10−7 < P < 10−5 and in the vicinity of the Arches and Quintuplet clusters
240 J174549.35-284919.0 0.4 0.16± 0.05 – – B
243 J174614.43-284900.0 0.7 0.25± 0.08 – – S
244 J174616.66-284909.2 0.7 0.26± 0.08 – – B
Note. — The printed version of the table includes only the sources within the HST NICMOS fields of
the Arches and Quintuplet clusters (Fig. 2.2s c and d); the full source list is published only electronically.
The definition of the bands: 1–2.5 (S1), 2.5–4 (S2), 4–6 (H1), and 6–9 keV (H2). In addition, S=S1+S2,
H=H1+H2, and B=S+H. Column (1): Generic source number. (2): Chandra X-ray Observatory
(registered) source name, following the Chandra naming convention and the IAU Recommendation
for Nomenclature (e.g., http://cdsweb.u-strasbg.fr/iau-spec.html). (3): Position uncertainty, including
an 1σ statistical error calculated from the maximum likelihood centroiding and an approximate off-
axis angle (r) dependent systematic error 0.′′2 + 1.′′4(r/8′)2 (an approximation to Fig. 4 of Feigelson
et al. (2002)), which are added in quadrature. (4): On-axis source broad-band count rate — the
sum of the exposure-corrected count rates in the four bands. (5-6): The hardness ratios defined as
HR = (H− S2)/(H + S2), and HR2 = (H2−H1)/H, listed only for values with uncertainties less than
0.2. (7): The labels “B”, “S”, and/or “H” mark the bands in which a source is detected; the band
which generates the most accurate X-ray centroid position, as adopted in Column (2), is listed first.
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from the GC region. The combination of the background subtraction and the exposure
correction then gives the flat-fielded intensity images in individual bands.
In addition to the broad-band images, we also construct narrow-band images of
the prominent 6.4-keV and 6.7-keV emission lines in the energy ranges of 6.25-6.55
keV and 6.55-7 keV. Because the counting statistics at energies greater than 7 keV
is too poor, we estimate the continuum contribution to these narrow bands, based
on the intensities measured in the 4-5 keV and 5-6.2 keV bands. We assume an
intrinsic power law spectral shape of the blank-sky background-subtracted diffuse
emission in the 4-7 keV range and account for both the effective area and energy
response of the instrument, using the convolved model outputs from the X-ray spectral
analysis software XSPEC. The continuum-subtracted line intensity image, divided by
the specific continuum intensity, gives the equivalent width (EW) map of the line.
The calculation at each image pixel is carried out adaptively, using a Gaussian kernel
with its size adjusted to achieve a signal-to-noise ratio greater than five at each step.
We further include all available archival ACIS-I observations that were taken be-
fore our deep observation and covered the clusters (Yusef-Zadeh et al. , 2002; Wang,
Gotthelf & Lang, 2002) in analyses that do not require the maximum spatial resolu-
tion offered by our on-axis observation. The combined data have an effective exposure
of 157 ks at Arches and 160 ks at Quintuplet. Source detections are also carried out
for these individual observations and are used to examine the potential long-term
variability of the sources in the close vicinity of the clusters. For detailed spatial and
spectral analyses of the Arches cluster, we use only our on-axis deep Chandra obser-
vation. But for the Quintuplet cluster, all the observations are off-axis and and are
thus used. Because the effective area and spectral response depend on both time and
position, we extract spectra from individual observations separately and then com-
bine them together using the FTOOLS routine “addspec”, which produces weighted
effective area and spectral response files. All spectral extractions use the “Gaussian
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error”, not the “Poisson error”, which is the default of the CIAO psextract routine
and actually uses the Gehrels’s approximation (Gehrels , 1986). This latter method
could cause problems in the error propagation through the spectral co-adding. For
bright X-ray point-like sources in the Arches cluster, we typically group such spec-
tra to achieve a minimum 20 counts per bin. For diffuse X-ray emission spectra, the
noise contribution from the subtracted background becomes important. We group the
spectra to have the background-subtracted signal-to-noise (S/N) in each bin greater
than 3 for the Arches cluster and 2 for the Quintuplet cluster with fainter diffuse
X-ray emission.
2.3.2 CS (J=2-1) Molecular Line Observations
The region around the GC Radio Arc (where the Quintuplet and Arches clus-
ters are located) harbors a number of large, dense molecular clouds. The so-called
“−30 km s−1 cloud” is believed to be ionized by the Arches cluster (Lang et al., 2001;
Lang et al , 2002). High resolution (∼ 10′′ ) observations of part of this cloud complex
which immediately surrounds the Arches cluster were made in the 3.4 mm contin-
uum and CS (J=2-1) line using the six-element millimeter array at the Owens Valley
Radio Observatory (OVRO) in March, April, May and June 2002. Two telescope
configurations (equatorial and low) were used, with baselines ranging from 15 to 100
m. Six fields with a primary beam of 60′′ were observed in a mosaic pattern, with a
spacing of 30′′ . The resulting mosaic covers an area of approximately 4′×3′ centered
on the position RA = 17h46m51s, DEC = −28◦49′00′′ (J2000). The total integration
time on each of the six fields was approximately 4 hours.
NRAO 530, 3C 273, and Neptune were used for gain, passband, and absolute flux
calibration, respectively. The data were calibrated using the MMA package (Scoville
et al. 1993), and the mosaicking was carried out with the maximum entropy method
of de-convolution implemented in the MIRIAD routine MOSMEM (Cornwell & Braun
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1988; Sault, Staveley-Smith, & Brouw 1996). The CS (J=2-1) line data were taken
at a rest frequency of 97.981 GHz, with 64 channels of 0.5 MHz width, corresponding
to a velocity resolution of 1.53 km s−1 and a total velocity coverage of 96 km s−1.
The line was centered on vLSR = −20 km s−1. Simultaneous 3.4 mm continuum
observations were made with a bandwidth of 1 GHz.
The largest spatial scale to which the OVRO interferometer is sensitive is 20′′ ,
corresponding to the shortest baseline of 15 m at 3.4 mm. Therefore, more extended
structures are not detected. In order to recover the missing flux density, the total
power measurements from single-dish observations of this region have been added.
Single-dish observations of the CS (2-1) line in the -30 km s−1 molecular cloud were
carried out with the IRAM 30 m telescope by (Serabyn & Gusten , 1987). Spectra in
the vicinity of the Arched Filaments complex were obtained at regular grid spacings
of 18′′ and imaged with a single-dish beam size of 25′′ . These observations were
centered at vLSR = 0 km s
−1, using a 512-channel filter bank with 1 MHz resolution,
which corresponds to a velocity resolution of 3.06 km s−1.
Since there is reasonable overlap between the shortest spacings of the OVRO
interferometer (4 kilo-lambda) and the diameter of the 30 m antenna (8 kilo-lambda),
the linear technique of “feathering” single-dish and interferometer data is appropriate.
This method requires that the single-dish data be a good representation of the object
at low spatial frequencies, and that the interferometer mosaic be a good representation
at mid-to-high spatial frequencies. The feathering technique can be carried out using
the MIRIAD task IMMERGE. We input de-convolved and restored single-dish and
interferometric images with the same velocity resolution and spatial grid. IMMERGE
first transforms the images into the Fourier plane, where the data are combined. In
the case of the 30 m single dish data and OVRO millimeter array data, the flux
densities in the overlap region (4-8 kilolambda) agree at the 10% level. The single-
dish data are given unit weight, and the low spatial frequencies of the interferometer
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data are adjusted in the Fourier plane with a taper such that a combination of the
single-dish and interferometer data results in an image with a Gaussian beam equal
in diameter to the beam of the input interferometer mosaic image (∼9′′ ×9′′).
2.4 Analysis and Results
The entire field of our deep ACIS-I observation is shown in Fig. 2.1, while Fig. 2.2
gives close-ups of the Arches and Quintuplet clusters. In this section, we present a
detailed characterization of discrete sources and diffuse emission in the Arches and
Quintuplet regions, separately.
2.4.1 Arches Cluster
2.4.1.1 Discrete X-ray Sources
The X-ray sources, A1N, A1S and A2, stand out in the Arches field (Fig. 2.3).
The reasonably good counting statistics of these sources allow for individual spectral
analysis. We extract the on-source spectra from the circle around each source as il-
lustrated in the figure. The spectra of the sources are remarkably similar, in terms of
both the overall spectral shape and the presence of the strong 6.7-keV emission line
(Fig. 2.4). A characterization of the spectra with an optically-thin thermal plasma
(XSPEC MEKAL model) gives statistically consistent temperatures and metal abun-
dances as well as the foreground absorptions (Table 2.3), although there are signifi-
cant flux excesses above the model at ∼> 7 keV, indicating the presence of a harder
component (Fig. 2.4).
To further tighten the constraints on the intrinsic spectral shape, we jointly fit
the spectra of the three sources by using the same model above, reasonably assuming
that they have the same abundance and absorption, as members of the same stellar
cluster. The fit is satisfactory (χ2/d.o.f. = 96/95; Fig. 2.4d) and gives the best-fit
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Arches
Quintuplet
1E1743.1−2843
Figure 2.1 Tri-color presentation of the 100 ks Chandra ACIS-I observation. Artifacts due
to the gaps between the four CCDs and to their outer edge are still visible and are partly
caused by sharp changes in the counting statistics.
parameters as NH=7.7
+0.8
−0.8 × 1022 cm−2, abundance=1.8+0.8−0.2 solar, and kT = 1.8+0.2−0.2
keV (A1N), 2.2+0.4−0.3 keV (A1S) and 2.5
+0.4
−0.3 keV (A2).
The spectra shown in Fig. 2.4 represent a substantial improvement in quality
than those in Yusef-Zadeh et al. (2002). The on-axis spatial resolution of our
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Figure 2.2 ACIS-I 1-9 keV band images of the Arches (a) and Quintuplet (b) clusters.
These X-ray images are smoothed with the CIAO routine csmooth to achieve a background-
subtracted signal-to-noise ratio of ∼ 3 (Ebeling et al., 2006). The intensity contour levels
are at 20, 23, 27, 33, 43, 57, 80, 180, 482, and 1351 (above a local background of 13.4) for
(a), at 17, 29, 33, 42, 54, and 72 (above 17) for (b); all in units of 10−3 counts s−1 arcmin−2.
The two large squares in (a) and (b) outline the fields covered by the HST NICMOS F205W
images of the Arches (c) and Quintuplet (d), respectively (Figer et al., 1999a, 2002). The
contours are the same as in (a) and (b), except for excluding the first four levels in (b). The
detected sources (Table 2.2) are marked with crosses in (a) and (b). Several bright X-ray
sources named previously (Table 2.1) are labeled.
new observation allows us not only to separate the spectra of A1N and A1S, but
also to minimize the contamination of surrounding diffuse emission (Fig. 2.3). The
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Figure 2.3 ACIS-I close-up of the Arches cluster core. The count image is smoothed with
a Gaussian with a FWHM of 0.3′′. The circles outlines the regions for the source spectral
extractions. Background is extracted within a concentric circle of 50′′ radius, excluding
the source regions.
Figure 2.4 ACIS-I spectra of the three brightest X-ray sources in the Arches cluster and
the best-fit thermal plasma models: (a) A1N, (b) A1S, (c) A2, and (d) the combination of
A1N + A1S + A2. The lower panels show the respective fit residuals relative to the errors
of each bin. The spectra are grouped to have at least 20 counts per bin.
19
Table 2.3. Spectral Fits for X-ray Sources in the Arches Cluster
Name NH(10
22 cm−2) kT (keV) Abundance χ2/d.o.f LXa log(Lx/Lbol)
A1N 7.3+1.5−1.1 1.87
+0.39
−0.32 2.8
+10.1
−1.5 16.9/23 7.2 -5.8
A1S 8.1+1.1−1.2 2.1
+0.58
−0.34 1.5
+1.2
−0.6 42.2/40 11 -5.7
A2 6.4+2.5−1.6 3.25
+2.62
−1.24 1.6
+2.1
−0.6 33.9/28 4.6 -5.9
aThe luminosity is in units of 1033 ergs s−1 and in the 0.3-8 keV band.
calibration of the data has also been improved significantly (e.g., the inclusion of the
CTI correction). These improvements probably account for the discrepancies between
the present results and those presented in Yusef-Zadeh et al. (2002). Our analysis
shows that one-temperature plasma is adequate to fit each of the above spectra and
that our inferred total 0.2-10 keV luminosities of the sources are smaller than that
of Yusef-Zadeh et al. (2002) by a factor more than 15. These two discrepancies are
actually related. The use of the two-temperature plasma model in Yusef-Zadeh et al.
(2002) required a very high hydrogen column density (NH = 12.4
+2.9
−2.0 × 1022 cm−2),
which in turn gave a large absorption-corrected luminosities.
2.4.1.2 Diffuse X-ray Emission
Fig. 2.2 and 2.5 show that the enhanced diffuse X-ray emission is distributed
over a region greater than the stellar core of the Arches cluster. The diffuse X-ray
enhancement is quite isolated within a radius r ∼ 60′′ and is spectrally harder than
large-scale diffuse X-ray emission in the region to the southeast (Fig. 2.1). We extract
a spectrum of this enhancement from this radius and a background from a 100′′
circle to the west within the same CCD chip. The background-subtracted spectrum
of the diffuse emission exhibits significant line emission in the energy range of 6.4
to 6.7 keV. The continuum-subtracted narrow band images of the diffuse emission
(§ 2.3.1) further show that the ∼ 6.7-keV line emission arises in a plume from the
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cluster core (Fig. 2.7). This plume has a size of ∼ 30′′ at the Arches cluster and
elongated toward the northeast. The 6.4-keV line emission is certainly more extended,
although its exact extent is difficult to determine; low surface brightness 6.4-keV line
emission of similar EW is ubiquitous in the GC (Wang, Gotthelf & Lang, 2002).
This enhancement of the 6.4-keV line (as well as the continuum emission) around
the Arches cluster is particularly strong in an extension from the cluster toward the
southeast (SE). The overall morphological appearance of this enhancement is quite
irregular (see § 2.4.3 for a discussion on the possible connection to the adjacent “−30
km s−1” molecular cloud).
(a) (b)
Figure 2.5 Diffuse X-ray emission intensity distributions of the Arches (a) and Quintuplet
(b) regions. The excised source positions are marked (see Fig. 2.2). These X-ray images
are adaptively smoothed to achieve a background-subtracted signal-to-noise ratio of ∼ 6
to show low-surface brightness emission. The intensity contour levels are at 2.1, 2.3, 2.9,
4.1, 6.4, 11, 21, and 39 (above a local background of 1.8) for (a) and at 3.3, 4.1, and 5.7
(above a local background of ∼ 2.5) for (b); all in units of 10−3 counts s−1 arcmin−2. The
large circles in (a) and (b) outline the regions that we use to estimate the total diffuse
X-ray emission from the clusters. The two ellipses in (a) outline the regions from which the
spectra in Fig. 2.6 are extracted. The plus signs mark the centroid positions of the clusters.
We extract two diffuse X-ray spectra: one from the central 6.7-keV line plume, and
the other from the SE 6.4-keV line extension from the regions outlined in Fig. 2.5(a).
We fit the spectra with a power law plus a Gaussian line (its width is fixed to zero) to
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Figure 2.6 ACIS-I diffuse X-ray emission spectra: the 6.7-keV plume (a), the southeast
extension (b), and the low-surface brightness outer region (c) of the Arches cluster. The
spectra, grouped with a background-subtracted S/N>3, are fitted with the NEI for (a),
PL+GAU for (b) and MEKAL+PL+GAU for (c) (Table 2.4).
Figure 2.7 ACIS-I 6.4-keV and 6.7-keV line intensity maps of the Arches cluster region.
The gray-scale (6.4-keV intensity) is in the range of 0.5 to 4 ×10−3 counts s−1 arcmin−2
(see also Fig. 2.11), while the overlaid 6.7-keV line intensity contours are at 0.6, 0.8, 1,
1.2, and 1.6 ×10−3 counts s−1 arcmin−2. The plus sign marks the centroid position of the
cluster.
characterize the Fe line centroid and EW, which are 6.60+0.10−0.14 keV and 1.2
+1.0
−0.9 keV for
the plume and 6.39+0.05−0.05 keV and 1.4
+0.9
−0.5 keV for the SE extension, respectively. The
line and continuum fluxes are 0.25 and 1.3 for the plume, and 0.64 and 2.8 for the
SE extension; all in units of 10−13 ergs s−1 cm−2. The fits are all satisfactory. But
the power law component is reasonably constrained only for the SE extension, and
the fitted parameters are included in Table 2.4. The best-fit power law index and
line centroid of the SE extension spectrum agree well with the theoretical prediction
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Table 2.4. Diffuse X-ray spectral fits for the Arches cluster
Region Model Key Model Parameters NH χ
2/d.o.f LX
Central Plume NEI kT = 2.56(> 1.18), τ = 101.1(>0.9) 11.0+4.0
−2.4
12.0/33 3.8
MEKAL kT = 1.88+4.19
−0.61
10.8+5.3
−5.6
13.3/34 3.2
SE Extension PL+GAU Γ = 1.3+1.4
−1.1
6.2+2.7
−5.6
29.2/57 4.1
LSBXE MEKAL+POW+GAU kT = 0.45+0.25
−0.10
, Γ = 1.3 (fixed) 9.2+1.8
−2.3
62.3/52 12
Note. — The spectral model names are from XSPEC: NEI - non-equilibrium ionization collisional plasma; MEKAL
- collisional ionization equilibrium plasma; PL - power law; and GAU - Gaussian line. The metal abundances of
plasma is fixed to be 2×solar, as inferred from the point-like source spectra. The plasma temperature (kT ),
ionization time scale (τ), absorption column density (NH), and the 2-8 keV luminosity (LX) are in the units of
keV, cm−3 s, 1022 cm−2, and 1033 ergs −1, respectively.
for the emission from low-energy cosmic-ray electrons interacting with the ambient
medium (Valinia et al. 2000; see § 2.5.4).
While a collisionally ionization equilibrium plasma gives a good fit to the spectrum
of the plume (Table 2.4), the 6.4-keV line in the spectrum of the SE extension may
indicate a plasma in a non-equilibrium ionization (NEI) state (see § 2.5). We thus
try a fit of the spectrum with the XSPEC NEI model with a metal abundance equal
to 2×solar. The fit to the spectrum of the SE extension requires an ionization time
scale of τ ∼ net < 1.1 × 1010 cm−3 s, too small to be consistent with any dynamic
model of the plasma on the observed spatial scale (§ 2.5).
We further extract a spectrum of the low-surface brightness X-ray emission (LS-
BXE) from the large circle in Fig. 2.5a minus the plume and the extension regions.
This spectrum (Fig. 2.6c) also shows both the 6.4-keV line and the He-like S XV
Kα line at ∼ 2.5 keV, indicating a mixture of multiple components. Motivated by
the above spectral analysis of the plume and the SE extension, we characterize the
LSBXE spectrum, using a simple combination of a MEKAL plasma, a power law with
Γ = 1.3, and a Gaussian line with its centroid fixed at 6.4 keV. This combination gives
a reasonable fit to the spectrum, and the fitted parameters are included in Table 2.4.
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2.4.2 Quintuplet Cluster
2.4.2.1 Discrete Sources
Within the field of view of the NICMOS observation (Fig. 2.2d), we find eight
X-ray sources (Table 2.1). J174614.67-284940.3 is located close to a source candidate
first suspected by Law & Yusef-Zadeh (2004) (their QX5 or J174614.7-284947, which
should have been named J174614.7-284942). This faint source is now well separated
from QX1 and has a near-IR counterpart [FNG2002] 231. Compared to those in the
Arches cluster, all of the eight sources are rather faint; in particular, the total number
of counts of the four relatively bright sources in the core (QX1-4) is only about 4×102.
They also show diverse spectral characteristics, as indicated by their significantly
different hardness ratios (Table 2.2). Fig. 2.8 presents two extreme examples of the
source spectra. It is clear that QX1 is very soft, whereas QX4 appears extremely
hard. The spectral characteristics of QX2 and QX3 fall between these two extremes.
To quantify the diversity, we assume that all these sources have an approximately
same intrinsic spectral shape, but have different foreground absorptions. A joint fit
of the spectra with a MEKAL plasma model (assuming a metal abundance of 2×
solar) gives a characteristic temperature of >8.52 keV and the absorptions along the
sight-lines to QX1, QX2, QX3, and QX4 as NH(10
22 cm−2) = 1.3+0.5−0.3, 4.8
+2.4
−1.3, 4.3
+2.4
−1.5,
and 9.3+6.9−3.5, respectively. Clearly, the absorption toward QX1 is significantly smaller
than toward other sources. Thus QX1 is likely a foreground star. Without a near-IR
counterpart, QX4 is likely a background source (e.g., an AGN) or a stellar object that
is still deeply embedded in dense gas. QX2 and QX3 do have near-IR counterparts
tentatively classified as B0I and dust-enshrouded WCL stars (Table 2.1). Because of
this diversity, we cannot rule out that QX4 is a member of the Quintuplet cluster.
We thus fit the combined spectrum of QX2, QX3 and QX4, which have relatively
comparable spectral characteristics. The accumulated spectrum shows an emission
line at ∼ 6.7 keV and can be characterized (χ2/d.o.f. = 34.4/31) by a MEKAL model
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with kT = 8.68+9.05−3.99 keV and a foreground absorption of NH = 5.9
+1.9
−1.3×1022 cm−2
(Fig. 2.9), which is consistent with AV = 29.0
+5
−5 of this cluster (1σ error bar; Figer
et al. 1999a), assuming NH/E(B − V ) ≈ 5× 1021 cm−2 mag−1 (Bohlin et al. , 1978)
and AV /E(B−V ) ≈ 2.6−5.5 (Schlegel et al. , 1998). The total absorption-corrected
0.3-8 keV luminosity is 7.6× 1032 ergs s−1.
(b)(a)
Figure 2.8 Example spectra of X-ray sources in the Quintuplet core: QX1 (a) and QX4
(b).
Figure 2.9 Combined ACIS-I spectrum of QX2-4 and the best-fit thermal plasma model.
2.4.2.2 Diffuse emission
The extent of the diffuse X-ray enhancement around the Quintuplet cluster is
uncertain (Fig. 2.5). The cluster seems to be embedded in a large-scale diffuse X-ray-
emitting region, although the spectrum of the enhancement appears to be slightly
harder than that of the surrounding region (Fig. 2.1). We extract a spectrum of the
diffuse emission from a circle of r = 1′ radius around the Quintuplet centroid (Fig. 2.5)
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and a background spectrum from the field within a concentric annulus of r=1′-2′.
The background-subtracted spectrum can be characterized (χ2/d.o.f. = 40.5/34)
by a MEKAL plasma model (again assuming a metal abundance of 2×solar) with
kT = 10+4.6−2.7 keV and NH = 3.8
+0.7
−0.5 × 1022 cm−2 (Fig. 2.10). These parameters
are consistent with the values obtained from the fit to the combined spectrum of
the discrete sources in the core of the Quintuplet cluster. The absorption-corrected
luminosity of the diffuse emission in the 2-8 keV range is 3× 1033 ergs s−1.
Figure 2.10 ACIS-I spectrum of the diffuse emission in the Quintuplet cluster and the
best-fit thermal plasma model.
2.4.3 Molecular Gas near the Arches Cluster
Fig. 2.11 presents a comparison of the distribution of the CS (J=2–1) line emission
and the 6.4 -keV line emission (Fig. 2.7). This “clump” of molecular gas represents one
of the easternmost parts of the “−30 km s−1 cloud” (and corresponds to Peak 2 in the
single dish study of this molecular cloud; Serabyn & Gusten 1987). The filamentary
molecular cloud has an average velocity of ∼ −25 km s−1, although there are large
velocity gradients over the cloud and the FWHM of the line is up to ∼ 30 km s−1.
In contrast, the Arches cluster has an average velocity of ∼ +95 km s−1 (Figer et al.,
2002). Therefore, the relative velocity between the cluster and the cloud is at least
vr ∼ 120 km s−1.
Fig. 2.11a shows an image of the CS (J=2-1) emission integrated over the central
channels, where the line emission is present (i.e., velocities of −5 to −40 km s−1).
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Fig. 2.11b compares this image to the distribution of the diffuse 6.4 keV X-ray emis-
sion. There is little morphological similarity between the molecular line emission and
the diffuse X-ray emission. The CS intensity is the strongest in the north, where
there is little X-ray emission enhancement, either in the broad band or in the Fe Kα
lines. Although the 6.4-keV emission appears to coincide spatially with the south-
ern extension of the molecular gas, Fig. 2.11b shows little peak-to-peak correlation.
The individual channel images also reflect this distribution and the lack of detailed
physical correlation with the 6.4 keV X-ray emission.
Figure 2.11 (a) Distribution of CS (J=2-1) emission integrated over the central channels,
with contour levels representing 9, 12, 15, 18, 21, 24, 27, and 30 Jy beam−1 km s−1. (b)
The same CS image overlaid with the 6.4-keV line intensity contours at 0.7, 0.9, 1.1, 1.5,
2.1, and 2.9 ×10−3 counts s−1 arcmin−2. The plus sign marks the centroid position of the
Arches cluster.
2.5 Discussion
The above results show distinctly different X-ray properties between the Arches
and Quintuplet clusters. The Arches cluster contains three luminous point-like sources,
all of which exhibit the strong 6.7-keV emission line, and two apparently diffuse com-
ponents with either 6.4-keV or 6.7-keV line emission. The 6.4-keV line-emitting en-
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hancement is strongly elongated, morphologically, tracing the east boundary of the CS
cloud’s southern extension. These characteristics are absent in the Quintuplet clus-
ter, in which we detect only weak X-ray sources, plus a very low surface brightness
diffuse emission with a hard spectrum. There is also no evidence for any associated
CS cloud. In the following, we discuss origins of these various X-ray components,
possible causes of the distinct differences in the X-ray properties between the two
clusters, and implications of our results.
2.5.1 Galactic Center Environment
We attempt to understand the Arches and Quintuplet clusters in the context of
the unique GC environment. The generally high gas density and pressure, strong
gravitational tidal force, and large random and bulk motion velocities in the GC
affect both the formation and evolution of young stellar clusters (Morris , 1993).
Here we concentrate on the potential interplay between the molecular gas and the
Arches cluster.
Are the “−30 km s−1 cloud” and the Arches cluster physically associated? On
one hand, because of their large velocity separation, the two systems would pass each
other in only ∼ 104 yrs if the size of the cloud along the line of sight is comparable
to that projected in the sky and at the GC distance. On the other hand, the volume
filling factor of dense molecular gas in the region is quite high (∼> 0.3; Serabyn &
Gusten 1987). In particular, the well-known Arched filaments all have negative
velocities similar to that of the molecular gas; the photon-ionization modeling of these
filaments suggests that they are physically in the vicinity of the Arches cluster (Lang
et al., 2001). Thus the probability for a chance physical contact of a dense cloud with
the cluster is not small. An independent argument for the association is an effective
extinction deficit of δAV ≈ 10 over a region of ∼ 15′′ from the cluster core, which can
be interpreted as the displacement of the dusty gas by the cluster wind and/or the
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dust grain destruction by the UV radiation from the cluster (Stolte et al., 2002). The
extinction is the largest towards the region just west of the cluster (Stolte et al. 2002;
Note that East is to the right in their Figs. 3 and 8). Interestingly, this extinction
deficit, corresponding to δNH ∼ 3 × 1022 cm−2, provides a natural explanation for
the difference between our measured X-ray-absorbing column NH ≈ 8 × 1022 cm−2
and the prediction from the total sight-line extinction AV = 24 (Stolte et al., 2002;
Bohlin et al. , 1978; Schlegel et al. , 1998). Furthermore, the interaction of the
Arches cluster wind with the cloud may also explain the strong and distinct X-ray
emission enhancement around the Arches cluster (§ 2.5.4). The far-IR spectroscopy
further shows the presence of a component of dusty gas at a velocity of −70 km s−1,
unique at the location of the Arches cluster (Cotera et al. , 2005). This component
may represent shocked cloud gas, deflected toward us (e.g., in the lower left direction
of Fig. 2.12; see § 2.5.4 for further discussion). Therefore, we tentatively conclude
that the “−30 km s−1 cloud” and the cluster are undergoing a collision.
Figure 2.12 An illustration of the proposed cluster-cloud collision scenario for the Arches.
The shocked cloud gas is partly traced by the CS and 6.4-keV lines (Fig. 2.11), whereas the
shocked cluster wind plasma near the cluster is by the 6.7-keV line (Fig. 2.7).
The collision of such clouds with the Arches cluster may have strongly affected its
evolution. The absence of a natal cloud associated with the cluster at its velocity, for
29
example, may be a consequence of the collision. The removal of this natal cloud from
the cluster at an early time could have reduced the probability for low-mass stars
to form. The cloud-cloud collision could also be responsible for the formation of the
Arches cluster itself. The exceptionally high gas temperature and velocity dispersion
in such a formation formation process could also result in a top-heavy IMF (see § 2.5.5
for further discussion).
Our X-ray study further provides useful measurements about the GC environ-
ment. In addition to the NH measurement, we have also directly estimated the metal
abundance (mainly iron) in the GC. Recent estimates based on near-IR spectroscopy
of young and intermediate-age supergiants in the GC (e.g., Ramı´rez et al. , 2000)
suggest an iron abundance that is consistent with being solar, i.e., similar to the
abundance observed in the solar neighborhood. This result is against the general
trend of an increasing metallicity with decreasing galacto-centric radius as observed
in the disks of the Milky Way and nearby galaxies. Our X-ray measured iron abun-
dance of ∼ 1.8+0.8−0.2 solar, based on the spectral analysis of the luminous colliding
wind candidates in the Arches cluster, agrees with the trend. The thermal process
involved in the X-ray emission is quite simple, and the ion fraction of the He-like Fe
Kα emission is insensitive to the exact plasma temperature fitted. Furthermore, the
iron abundance in the winds of the massive stars is not expected to be contaminated
by their own nuclear synthesis in the deep cores of the stars. Therefore, we conclude
that the iron abundance in the ISM of the GC is super-solar.
2.5.2 Nature of Discrete X-ray Sources
The discrete X-ray sources in the core of the clusters are unlikely due to emission
from individual normal massive stars or even binaries. The X-ray emission from
such a star/binary can be characterized typically by an optically-thin thermal plasma
with a temperature of ∼ 0.6 keV and a luminosity following the empirical relation
30
LX
Lbol
∼ 10−7, where Lbol is the bolometric luminosity. Thus the emission is too soft and
faint to be observed from the GC. Even the Pistol star near the core of the Quintuplet
cluser (Fig. 2.2d) is not detected as an X-ray source. The star is a luminous blue
variable with Lbol ∼> 106.6L⊙ and has an extinction of AK ≈ 3.2, corresponding to
NH ≈ 5.1 × 1022 cm−2. Assuming the MEKAL thermal plasma with a temperature
of 0.6 keV, we estimate that the 3σ upper limit to the 0.3-8 keV luminosity is 3
×1033 ergs s−1, consistent with Lx/Lbol ∼ 10−7.
Most likely, the luminous X-ray sources associated with the Arches cluster rep-
resent colliding stellar winds in massive star close binaries. The characteristic shock
temperature of a colliding wind is
T ≃ (3× 107 K)v2w,3, (2.1)
where vw,3 is the relative colliding wind velocity in units of 10
3 km s−1. Well-known
examples of such systems are WR11 (kT≈ 4.3 keV, LX ∼ 8 × 1033 ergs s−1; Schild
et al. 2004) and WR140 (kT≈ 3 keV, LX ∼ 2× 1033 ergs s−1; Zhekov et al. 2000).
Clearly, the expected temperatures are similar to the measured values for the sources
in the Arches cluster, although their luminosities seem to be substantially higher than
those confirmed colliding wind systems, which all have LX < 1× 1034 ergs s−1 (e.g.,
Oskinova , 2005). The unusually high X-ray luminosities of the colliding wind systems
may be related to the compactness of the Arches cluster, in which very close binaries
may form dynamically.
In contrast, the X-ray sources in the Quintuplet cluster are probably typical collid-
ing wind systems. They all have individual LX in the range of (0.2−3)×1033 ergs s−1
as well as the hard X-ray spectra with the 6.7-keV emission line, as expected.
While only relatively luminous X-ray sources are detected individually, sources
below our detection limit are hidden in the “diffuse” emission. Indeed, the diffuse
emission in the cores of the Arches and Quintuplet clusters shows a general correla-
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tion with their stellar distributions (Fig. 2.13). Thus, relatively faint colliding wind
binaries could significantly contribute to the emission. But the bulk of the diffuse
X-ray emission in outer regions of the clusters may have different origins for several
reasons. First, the emission extends much further away from the cluster cores than
the stellar light distributions (Fig. 2.13). Second, the spectrum of the diffuse emission
is harder than that of the discrete sources. Third, the emission in the outer region of
the Arches cluster mainly exhibits the 6.4-keV line, inconsistent with the the colliding
wind interpretation.
(a) (b)
Figure 2.13 Radial ACIS-I 1-9 keV intensity profiles (crosses with 1σ error bars) around
the Arches (a) and Quintuplet (b) clusters, compared with the respective NICMOS F205W
stellar light distributions (connected triangles). The cluster wind predictions are shown
approximately as the solid line from 3-D simulations for the “standard” stellar wind mass-
loss rates of the two clusters (Rockefeller et al. , 2005).
2.5.3 Cluster Winds
In addition to colliding winds in individual massive star binaries, the collision
among stellar winds collectively becomes important in a compact cluster such as the
Arches. The collision results in the thermalization of the stellar winds and their
subsequent merging into a so-called cluster wind. Various 1-D models and 3-D hy-
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drodynamic simulations have been carried out on cluster winds (Raga et al. , 2001;
Stevens & Hartwell , 2003; Rockefeller et al. , 2005). Within the uncertainties of such
model parameters as overall stellar wind velocities and mass loss rates, simulated
cluster winds are shown to explain the luminosities of diffuse X-ray emission from
several star clusters (e.g., Stevens & Hartwell , 2003; Rockefeller et al. , 2005); but
little detailed comparison has yet been performed.
Fig. 2.13 compares the radial diffuse X-ray intensity profiles from the 3-D hydro-
dynamical simulations, carried out specifically for the Arches and Quintuplet clusters,
approximately accounting for the discrete positions of massive stars and their individ-
ual stellar wind properties (Rockefeller et al. , 2005). For the Quintuplet, the cluster
wind could account for ∼ 1/4 − 1/3 of the observed diffuse X-ray emission. For the
Arches, which is much more compact, the simulated profile gives a reasonably good
match to our measured distribution of the diffuse X-ray intensity within ∼ 10′′ , but
is too steep to explain the emission at larger radii. The flattening of the observed
intensity distribution in the radius range of ∼ 10′′ to <∼ 15′′) may arise from the reverse
shock heating and confinement of the wind. At larger radii, the overall diffuse X-ray
enhancement demonstrates a bow shock morphology and is prominent in the Fe Kα
6.4-keV line emission (§ 2.4.1.2), inconsistent with the expectation for the cluster
wind interpretation (see below). Therefore, the cluster wind may be important in the
core, but not in the outer region of the Arches cluster.
The complexity of the diffuse X-ray emission from the Arches cluster probably
reflects its interaction with the CS cloud. Both the morphology of the diffuse X-ray
emission, particularly the elongation of the 6.7-keV line emission, and the extinction
deficit distribution indicate that the motion of the cluster relative to the cloud is from
East to West in the sky. Because of their supersonic relative motion, a bow-shock is
expected to form around the cluster. Fig. 2.12 illustrates this simple-minded scenario
for the interaction, although the true situation is certainly more complicated.
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Following van Buren & McCray (1988), we can estimate from the ram-pressure
balance the characteristic radius of the reverse shock in the cluster wind as
rs = (0.7 pc)M˙
1/2
w,−4v
1/2
w,3v
−1
r,2n
−1/2
a,2 , (2.2)
where M˙w,−4 is the mass-loss rate of the cluster wind (in units of 10−4M⊙), vr,2
is the relative velocity between the cluster and the cloud (102 km s−1), and na,2 is
the gas density in the colliding cloud (102 cm−3). Because the contact discontinuity
has a scale lc ∼ 1.5rs, we can estimate the volume of shocked wind materials as
V ∼ 4pi
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(1 − 1/1.53)l3c . Assuming that this volume corresponds to the 6.7-keV line
plume, which has a radius lc ∼ 0.6 pc (15′′ ) and we can infer ne ∼ 5 cm−3 from the
integrated emission measure of the central plume, IEM ∼ 16 cm−6 pc3 (the MEKAL
fit in Table 2.4). The ram-pressure balance also gives the density of the shocked
ambient gas na ∼ ne4 (vwvr )2 ∼ (1.3 × 102 cm−3)v2w,3v−2r,2 . This, together with Eq. 2.2,
gives M˙ ∼ (1× 10−4M⊙)vw,3.
The above inferred na and M˙ values depend on vw, which may be quite uncertain.
In particular, the near-IR spectroscopic estimate of stellar winds may have signifi-
cantly underestimated vw as possible low-emissivity winds in the line profiles were
not taken into account (Cotera et al. , 1996), i.e., the wind terminal velocity could be
considerably higher than 1 × 103 km s−1. Nevertheless, the above inferred mass-loss
rate still appears substantially smaller (by a factor of up to ∼ 10) than the current
estimates based on radio continuum estimates (e.g., Lang et al. , 2005). Such esti-
mates may be very uncertain (e.g., Rockefeller et al. 2005), particularly for binaries
with strong wind-wind interaction. The relatively small na value is consistent with
the weak CS emission from the ambient gas, probably representing the inter-clump
medium of the colliding cloud.
While the shocked cluster wind should be constantly flowing out from the bow
shock at a velocity comparable to the sound velocity cs ∼ (8 × 102 km s−1)vw,3, we
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can also estimate the ionization time scale as τ ∼ nelc/cs ∼ (1 × 1011 cm−3 s)v−1w,3,
which is much too large to explain the 6.4-keV line emission with an NEI plasma, but
is consistent with that inferred from the spectrum of the central plume (§ 2.4.1.2).
Therefore, the observed size and shape of the 6.7-keV line plume (Fig. 2.7), at least
qualitatively, match the predictions of this simple bow shock interpretation, within
the uncertainties of the relevant parameters.
2.5.4 Origin of the 6.4-keV line emission
The above discussion indicates that the 6.4-keV line emission associated with the
Arches cluster is unlikely due to an NEI process. We thus consider the possible origin
of the line emission as the filling of iron K-shell vacancies produced by either ionizing
radiation with energies > 7.1 keV or collision with low-energy cosmic-ray electrons
(LECRe; Valinia et al. (2000)). The fluorescent line emission and Thompson contin-
uum scattering seem to give a reasonable good explanation for those most prominent
6.4-keV enhancements associated with well-known giant molecular clouds such as Sgr
B2 and Sgr C in the GC (Koyama et al. , 1996; Cramphorn et al. , 2002; Revnivtsev
et al. , 2004). This explanation requires the presence of a luminous X-ray source with
a spectrum consistent with the observed power law continuum with a photon index
of Γ ≈ 1.8. Because such a source is currently not present in the GC, the observed
emission is proposed to be the reflection of past Sgr A*, with an X-ray luminosity of
∼> 1039 ergs s−1, about a few hundreds years ago.
However, the fluorescence interpretation has difficulties in accounting for the 6.4-
keV line emission regions closer to Sgr A*. A comparison of the CS emission and the
diffuse 6.4-keV line intensity does not show a peak-to-peak correlation, which should
be expected because the gas traced by the CS emission is expected to be optically
thin to the iron ionizing radiation (Wang , 2003). As shown in § 2.4.3, the detailed
correlation is also absent in the Arches CS cloud. This difficulty may be avoided,
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if the CS emission does not trace well the actual gas distribution (e.g., due to the
destruction of the molecule by the strong UV radiation from the Arches cluster). Even
in this case, however, the gas column density of the cloud cannot be much greater
than δNH ∼ 1022cm−2, constrained by both the X-ray absorption and the near-IR
extinction distribution (§ 2.5.1). Following Sunyaev et al. (1998), we estimate the
required X-ray luminosity of Sgr A* to produce the detected 6.4-keV line intensity of
the Arches 6.4-keV line emission (Fig. 2.11) as
LX = (4× 1039 ergs s−1)(d/27 pc)2(δNH/1022 cm−2)−1, (2.3)
where we have assumed the iron abundance to be 2 × solar and have scaled the
distance (d) between the cloud and Sgr A* to be their projected separation in the
sky, corresponding a light travel time of only about 90 years. Of course, the actual
distance is likely to be greater, and the required LX should then be higher. This
common interpretation of the 6.4-keV line enhancement and those associated with
Sgr B2 and Sgr C, though difficult to rule out completely, would not explain the
apparent position coincidence between the cloud and the cluster.
Alternatively, one may consider the Arches cluster as the origin of the hard X-rays.
But this possibility can be easily dismissed because of the absence of the 6.7-keV line
(which is strong in both the point-like sources and in the cluster core) in the 6.4-keV
line enhancement. Furthermore, the observed X-ray luminosity of the cluster is more
than a factor of 102 short of what is required for the fluorescence interpretation.
A more plausible scenario for the Arches 6.4-keV line enhancement is the LECRe-
induced Fe K-shell vacancy filling (Valinia et al. , 2000). In this scenario, the contin-
uum is due to the bremsstrahlung radiation of the LECRe. The expected power-law
photon index of the continuum is 1.3-1.4 over the range of 1-10 keV, consistent with
our measured value of the SE extension (Table 2.4). The LECRe may be produced in
strong shocks that are present within the Arches cluster and in both the the forward
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bow shock and the reverse-shock in the cluster wind (see the discussion above). For
example, (Bykov et al. , 2000) have shown that a shock of velocity ∼> 102 km s−1
into a molecular cloud, accompanied by magneto-hydrodynamic turbulence, can pro-
vide a spatially inhomogeneous distribution of nonthermal LECRe. Yusef-Zadeh et
al. (2003) have further presented observational evidence for nonthermal diffuse radio
emission from the Arches cluster and have suggested that colliding wind shocks may
generate the responsible relativistic particles. The diffuse X-ray enhancement has a
bow-shock morphology and is presumably linked to the site of particle acceleration.
But, because of complications caused by particle diffusion and gas flow, one does not
expect a peak-to-peak correlation of the X-ray emission with the CS emission from
the colliding cloud. Following Yusef-Zadeh et al. (2002a), we estimate the LECRe
energy density required to produce the observed 6.4-keV line intensity. If the shocked
gas density is ∼ 103 cm−3, the required energy density is then ∼ 6 × 103 eV cm−3,
substantially greater than the value 0.2 eV cm−3 averaged over the Galactic ridge
(Valinia et al. , 2000). But the implied pressure inside the bow shock can still be bal-
anced by the high ram-pressure (∼ 2×10−8v2r,2na,2 dyn cm−2) of the collision between
the cluster wind and the CS cloud. In short, the bow shock provides a plausible inter-
pretation of the distinct spatial and spectral properties of the diffuse X-ray emission
around the cluster and its physical relationship to the CS cloud.
Finally, we consider the possibility that the 6.4-keV line enhancement represents
the reprocessed X-rays from numerous discrete and faint sources embedded around
the Arches cluster. A natural candidate for such sources might be YSOs. But they are
in general not known to emit strong 6.4-keV line emission. In the Orion nebula, for
example, the line emission is detected from only a few YSOs and with EWs less than
300 keV. Therefore, YSOs are probably not a significant contributor to the 6.4-keV
line enhancement.
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2.5.5 YSO population and stellar IMF
The overall luminosity of the diffuse X-ray emission provides a fundamental limit
to the population of YSOs and hence the IMF of the Arches and Quintuplet clusters.
YSOs in the mass range of (0.3− 3)M⊙ typically have large LX/Lbol ratios and hard
X-ray spectra. Most importantly, they can be numerous, as shown in the Chandra
Orion Ultradeep Project (Feigelson et al. , 2005). Though with a median 2-8 keV
luminosity of only ∼ 1029 ergs s−1 per star, YSOs collectively account for about 75%
of the total 2-8 keV luminosity of the Orion nebula, the IMF of which is consistent
with the standard Miller & Scalo (1997) form Hillenbrand (1997). If the clusters in
the GC have a similar IMF, YSOs should then be equally important.
At the GC, typical YSOs cannot be detected individually, but can be constrained
collectively in Chandra observations. Based on the diffuse X-ray intensity observed
around Sgr A*, Nayakshin et al. (2005) find that the population of YSOs in the
GC cluster is extremely small. They conclude that it cannot be a remnant of a
massive star cluster, originated at several tens of parsecs away from Sgr A* and then
dynamically spiralled in, and is thus most likely formed in situ in a self-gravitating
circum-nuclear disk and with a top heavy IMF. While star formation around a super-
massive black hole represents an extreme, it is clearly important to examine the IMF
of the Arches and Quintuplet clusters in the general environment of the GC.
We find a similar deficiency of YSOs in Arches and Quintuplet clusters, which
places tight constraints on their IMF. Existing near-IR studies have provided esti-
mates on the present MF for stars with masses greater than a few solar masses and
primarily in the core of the Arches cluster; MF measurements in outer regions are dif-
ficult because of severe confusion with field stars. There are 77 stars withM > 40M⊙
in the core (r < 0.6 pc) of the Arches cluster (Figer et al. , 1999a). The MF in
the Miller’s form would predict at least 8×105 YSOs in the entire cluster. Using our
measurements of the diffuse X-ray emission, we can directly constrain the population
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of YSOs over the entire cluster. We assume that the mean X-ray luminosity of the
YSOs in the Arches cluster to be the same as those in the Orion nebula, because
of their similar ages. As will be shown below, much of the diffuse X-ray emission,
though difficult to quantify, likely has other origins (e.g., cluster winds) to account
for the prominent iron Kα lines. Therefore, the use of the total 2-8 keV diffuse X-
ray luminosity of 1.2 × 1034 ergs s−1 within the 50′′ (2pc) gives an upper limit on
the number of 1.4 × 104 YSOs, which is still a factor of 60 smaller than the above
prediction from the Miller’s MF. To be consistent with the measured luminosity, the
MF needs to have a power law slope Γ = dlogN/dlogM ∼ −0.7. This slope is con-
sistent with the present MF of stars in the Arches core. But the MF steepens into
Γ ∼ 1.7 ± 0.7 at r ∼> 10′′ , which is effectively consistent with the standard Miller
or Saltpeter IMF (Stolte et al., 2002). This steepening is expected as a result of the
dynamic mass segregation of stars in the cluster (Kim et al., 2000; Portegies Zwart et
al. , 2002). Furthermore, mergers among stars may also be important in flattening
the MF toward the cluster core (ref). Stolte et al. (2005) have further suggested a
possible turnover in the MF near 6-7 M⊙, which predicts a severe depletion of stars
at lower masses in the Arches cluster. This turnover, though yet to be confirmed,
seems to be consistent with our X-ray estimate of YSOs, which is over a large enough
region so that the above mentioned dynamic effects should be negligible. We thus
conclude that the deficiency of YSOs is intrinsic to the IMF of the cluster.
Similarly, we can constrain the YSO population in the Quintuplet cluster. There
are 30 stars with masses larger than 20 M⊙ within r = 50′′ of the Quintuplet cluster
Figer et al. (1999a). Assuming the Miller IMF would predict a total number of
YSOs to be at least 5×104. These YSOs would have a 2-8 keV luminosity of ∼
2.7×1034 ergs s−1, accounting for the weak dependence of the mean X-ray luminosity
on the cluster age (a factor of 1.6; Preibisch et al., 2005). This predicted value is a
factor of 27 greater than our measured 3 × 1033 ergs s−1 within ∼60′′ (§ 2.4.1.2).
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To be consistent with the X-ray measurement, the slope of the IMF again needs to
be Γ ∼ −0.7. The X-ray inferred total number of 1.6×103 YSOs in the cluster is
probably close to the reality. Indeed, we have shown in § 2.5.3 that the cluster wind
contribution is not significant. The diffuse X-ray emission is spectrally (hard and
nearly featureless) consistent with the average of YSOs seen in nearby star formation
regions such Orion (e.g., Yamauchi et al. (1996)).
Whether the flat IMF found in the Arches and Quintuplet clusters is uniform in
the GC is not very clear. Therefore, we expect to find more young star clusters to
increase the sample and constrain the properties of the clusters within the GC. In
the next Chapter, we introduce a new HST survey, the goal of which is to perform a
systematic search of young stellar populations within this extreme environment.
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CHAPTER 3
OBSERVATION AND DATA ANALYSIS OF OUR
HST/NICMOS GC PASCHEN-α SURVEY
3.1 Abstract
We have recently carried out the first wide-field hydrogen Paschen-α line imaging
survey of the GC, using the NICMOS instrument aboard the Hubble Space Telescope.
The survey maps out a region of 2253 pc2 (416 arcmin2) around the central super-
massive black hole (Sgr A*) in the 1.87 and 1.90 µm narrow bands with a spatial
resolution of ∼ 0.01 pc (0.2′′FWHM) at a distance of 8 kpc. In this Chapter, we
describe in detail the data reduction and mosaicking procedures followed, including
background level matching and astrometric corrections. We have detected ∼ 570,000
near-IR sources using the ‘Starfinder’ software and are able to quantify photometric
uncertainties of the detections. The source detection limit varies across the survey
field but the typical 50% completion limit is ∼ 17th mag (Vega System) in the 1.90
µm band. The flux ratios of our detected sources in the two bands also allow for an
adaptive and statistical estimate of extinction across the field. With the subtraction
of the extinction-corrected continuum, we construct a net Paschen-α emission map
and identify a set of Paschen-α-emitting sources, which should mostly be evolved
massive stars with strong stellar winds.
3.2 Introduction
To constrain the dynamical process of the known clusters, the overall population
of massive stars, and their formation modes, we sought to obtain a uniform survey of
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massive stars and their interplay with the ISM across the central 90 parsecs. Ionized
warm gas is illuminated by the UV photons from young massive stars and provides the
ideal tracer of them and their interplay with their surroundings. Although previous
radio continuum observations are free of extinction and trace both thermal and non-
thermal emission, the scale-dependence of radio interferometers makes it difficult
to accurately measure flux densities on arcsecond scales. In addition, fine features
(e.g., ionization fronts) are often found in the midst of diffuse non-thermal emission
(e.g., the Radio Arc), making decomposition of thermal and non-thermal components
challenging. Radio recombination line observations typically have a substantially
lower signal-to-noise and spatial resolution than radio continuum data. In the near-
IR, the 2.16µm Brγ line is accessible from the ground (no suitable filter is available
for existing and planned space-based platforms), but has also not proved effective
for large scale mapping of warm ionized gas. To our knowledge, no large-scale Brγ
line survey of the GC has ever been published. The difficulty lies in the lack of
the combination of high spatial resolution and stable point spread function (PSF)
in a ground-based survey. Observations with adaptive optics (AO) can have superb
resolution, but only over small fields of view (typically 15′′ − 40′′). The AO PSF
also changes strongly, both spatially and with time, and has extended PSF wings,
making the PSF subtraction extremely difficult. In addition, photometric conditions
rarely, if ever, persist for the time required for such a survey, hampering the study of
large-scale features.
We have carried out the first large-scale, high-resolution, near-IR survey of the GC,
using HST NICMOS. The primary objective of the survey is to map out the hydrogen
Paschen-α (Pα for short) line (wavelength 1.876 µm) in a field of ∼ 39′ × 15′ around
Sgr A∗ (corresponding to 90 pc × 35 pc at the GC distance of 8 kpc; Ghez et al.,
2008, Fig. 1.1). This field is known to be rich in clustered massive star formation (i.e.,
including the three known clusters). NICMOS observations of the Pα emission were
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taken previously only for a few discrete regions, centered on the three known massive
clusters. Our survey field also includes much unexplored territory. In particular, the
region between Sgr A and Sgr C along the Galactic plane (to the right in Fig. 1.1)
shows a number of compact Spitzer IRAC sources (several with radio counterparts)
likely related to some of the earliest stages of massive star activities. This field
selection also facilitates an unbiased study of the apparent asymmetry between the
positive and negative Galactic longitude sides relative to Sgr A∗.
Our HST NICMOS observations overcome all of the potential problems of a
ground-based survey. The wide NIC3 camera on this instrument provides a reso-
lution of ∼ 0.2′′ with a stable PSF. This capability is important for detecting and
cleanly removing point-like sources as well as resolving fine structures of extended
features. Both the stable PSF and the absence of atmosphere for our HST survey
means that the entire survey is photometrically accurate and consistent. The extra
magnitude of extinction along the sight-line to the GC at 1.87µm (as compared to
2.16 µm) is more than compensated for by an intrinsic Pα line intensity 12 times
greater than the Brγ line (Hummer & Storey, 1987). In addition, the background
at Pα with NICMOS is a factor of ∼ 800 lower than the sky background at Brγ
as observed from the ground. This low background of HST NICMOS also allows us
to detect faint point-like sources and extended features, particularly over our large
mosaicked field.
3.3 Observation Strategy
Our survey was completed in 144 HST orbits. All of these orbits had an identical
design, each consisting of 2×2 NIC3 pointing positions for both F187N (on-line) and
F190N (off-line) filters. These filters have a 1% bandpass centered at the wavelengths
1.875µm and 1.900 µm. NIC3 is a 256× 256 HgCdTe array detector with a pixel size
of ∼ 0.2031′′ × 0.2026′′ in the x and y directions. Adjacent positions and orbits were
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designed to have 3′′ overlaps in the vertical direction of the NIC3 array coordinates,
partly to allow for the bottom 15 pixels that do not provide useful data due to afocal
vignetting of that portion of the array. This is in addition to the overlaps resulting
from the 4-point dithers at each of the four positions of an orbit. Each dither exposure
was taken in the MULTIACCUM readout mode (SAMP-SEQ=16; NSAMP=9) for
photometry over a large flux range and for effective identification and removal of
cosmic-rays and saturated pixels. The 4-point dithers were in an inclined square
wave pattern (i.e., the shifts were in the directions of 67◦.5 relative to the x-axis of
the detector coordinates); each dither step produced a shift of 2.33′′and 5.63′′pixels
in the x and y directions. This dither pattern enabled both a sub-pixel sampling of
the undersampled NIC3 PSF and a consistent overlap between orbits. Each orbit
effectively covered an area of roughly 102′′ × 98′′ (2.8 arcmin2). With this strategy
and a single telescope orientation, the survey mapped out a field of 416 arcmin2 (as
outlined in Fig. 1.1), and with a uniform 192 sec exposure per filter. The entire
science data set includes 144 (orbits) × 4 (pointing positions) × 4 (dithers) × 2
(filters) = 4604 images.
In addition, between target visibility periods (during Earth occultations) after
each of the 144 orbits, 16 dark frames were obtained with the detector clocked in a
manner identical to the science exposures. These inter-orbit raw dark exposures were
assembled to form a “superdark” frame to provide contemporary, on-orbit calibration
data and improve the instrumental background measurement. Our survey represents
the largest contiguous spatial scale mapping obtained with the HST/NICMOS cam-
era. Although the survey has produced the highest resolution map of the intensity
distribution at 1.87 µm and 1.90 µm to date, our primary goal was to produce a pho-
tometrically accurate map of the Paschen-α emission throughout the survey region.
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3.4 Data Preparation
In the 1% filters used for this survey, accurate measurement of the Paschen-α
emission requires that both the dominant bright stellar continuum and the instru-
mental background be carefully removed. In this section, we also describe the data
preparation required to achieve this goal. The data preparation is based chiefly on
the Image Reduction and Analysis Facility (IRAF). In particular, the IRAF/STSDAS
‘calnica’ and ‘Drizzle’ packages, with some procedural modifications, are used to pro-
duce images for each individual position with either filter. We have also developed our
own routines in the Interactive Data Language (IDL) for the background subtraction
and for astrometric offset correction.
3.4.1 Calibration files update
We first apply the IRAF/STSDAS ‘calnica’ to remove various instrumental and
cosmic-ray (CR)-induced artifacts in the raw data of individual dithered exposures.
Required inputs to the ‘calnica’ program include dark, flat field and bad pixel reference
files. We do not use the STScI provided OPUS PIPELINE calibration files, but
rather construct our own reference files based on either contemporaneous, or the
most recently available, calibration data.
First, because the multiple components contributing to the instrumental dark sig-
nature can vary with the thermal state of the instrument and telescope on multi-orbit
timescales, our dark frame acquisition strategy allowed for reference file acquisition
and creation individually for each orbit. The assemblage of dark data themselves,
however, along with the NIC1 temperature sensor data for a proxy for the off-scale
NIC3 thermal sensor, indicates that the stability flanking all of our observations at a
level of ≤ +/- 50 mK. We therefore choose to produce a single high S/N ‘superdark’
by median combining our dark exposures from all orbits. In order to check the relia-
bility of this ‘superdark’, we examine the differences between output files using this
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superdark and a dark file produced by only median-averaging the 16 dark exposures
in the same orbit. We select a single dithered exposure (na133id1q) for this compar-
ison, since it covers a sky location having low surface brightness and dominated by
the instrument background. While the small difference (< 5%) indicates the similar-
ity of these two dark files, the pixel value distribution of the calibrated image with
the ‘superdark’ is much smoother than that from the other dark file, suggesting the
higher S/N of the ‘superdark’ file. The superdark significantly reduces the observed
‘Shading’ effect — a noiseless signal gradient in the detector (NICMOS Data Hand-
book, Thatte et al., 2009); the effect is readily apparent if the dark calibration file
provided by the OPUS pipeline is used, which was produced in 2002 (Fig. 3.1).
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Figure 3.1 Comparison of the outputs from ‘calnica’ with the application of the STScI
provided dark file and the superdark produced with data obtained as part of our
program (right panel). The left panel shows two obvious nearly vertical dark lanes.
The fuzzy structures at the bottom rows of both images are due to the vignetting
problem; these rows are removed from the subsequent data reduction.
Next, utilizing all of the 4068 dithered exposures obtained for the science survey,
we construct a new empirical mask file to identify the locations of bad pixels (hot, cold
or ‘grot’) in NIC3. We calculate the intensity median and 68% confidence error (σ)
among the pixels of each dithered exposure and record those pixels with intensities
deviating from the median by 1σ. We consider a pixel to be bad if it is flagged in more
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than 75% of the exposures. In total, we identify 476 new bad pixels, in addition to 695
in the origin mask file provided by STScI, which used a more conservative threshold.
We compare this new mask file with the science exposures and find that these new
bad pixels are real. These bad pixels together represent 0.7% of the total number
of NIC3 pixels. The bad pixel mask also includes the following: 1) the bottom 15
rows, which show a steep sensitivity drop due to the vignetting problem (NICMOS
Data Handbook, Thatte et al., 2009), 2) a three-pixel-wide zone at the other three
boundaries to avoid any potential edge effects and 3) a 10×50-pixel region in the
top-right corner, which was contaminated by the residual of the amplifier readout
and shows an unusual intensity enhancement, even after we have subtracted the dark
file (Fig. 3.1). All these bad pixels are removed from the individual exposures before
further processing.
The flat fields used in the initial pipeline processed data were taken in May 2002,
during the SMOV3B operations, shortly after the installation of the cyro-cooler. Since
May 2002, flats forNIC3 F187N and F190N were obtained several times by the STScI.
We retrieve NIC3 F187N and F190N flat field observations taken in September 2007
as part of the Institute’s calibration program. These flat observations are the closest
in time to our program observations. We then process these observations for use as the
flat field images for our observations. By using the September 2007 calibration data,
we are able to correct for a persistent large-scale flat field structure that is correlated
over scale-lengths of ten or more pixels, and which lead to localized systematic errors
in flat field corrections on the order of ∼ 2%.
3.4.2 DC Offset Corrections
In an individual exposure, obvious differences in background levels exist among
the four quadrants. This phenomenon is called the ‘Pedestal’ effect, a well-known
NICMOS artifact due to independent DC biases in the quadrants, each of which has
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its own amplifier for data readout (NICMOS Data Handbook, Thatte et al., 2009).
Within a quadrant, however, the bias is constant. This effect must be rectified to
correctly map out the surface brightness distribution.
The IRAF routine ‘pedsub’ is commonly used to correct for this effect (before
the application of the ‘Drizzle’ package discussed below). The routine consists of
three steps: 1) estimating the DC bias level independently for each quadrant; 2)
determining the DC bias offsets among different quadrants by matching the surface
brightness smoothly across their boundaries; and 3) removing the offsets from the
respective quadrants. To do the matching in Step 2, one needs to choose (by trial
and error) a method (median, mean, or polynomial fitting). This approach works
poorly, however, when the intrinsic surface brightness changes abruptly across the
boundary between two adjacent quadrants (e.g., when the change cannot be fitted
well by any of the methods).
We have thus developed an effective self-calibration method to determine the DC
bias offsets from the overlapping regions among the four dithered exposures taken at
each pointing position (diagrammed in Fig. 3.2). Although individual quadrants in
a single exposure have independent sky coverage, they become connected with each
other via the square-wave dither pattern. After aligning the four dithered exposures,
we identify all overlap regions (see §3.4.3). There are a total of 48 different overlap-
ping region pairs in each of the four dithered exposures. The mean intensity in an
overlapping region can be expressed as f=fs+fDC where fs is the sky background,
and fDC is the DC bias offset. Since fs should be the same in identical quadrants
observing the same piece of sky, the measured difference provides a relative measure-
ment of the DC bias offset level. In fact, we can simultaneously determine all the
offsets in the 16 quadrants contained within a single pointing position, by conducting
a χ2 fit to the differences in the 48 overlapping region pairs (see Appendix). While
only 15 of the 16 offsets are independent, we add another constraint that their sum
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equals zero (i.e., no net bias changes averaged across a position image). Without
the trial and error, as would be needed in the replaced Step 2 in ‘pedsub’, our self-
calibration method provides an efficient method for removing the ‘Pedestal’ effect
(Fig. 3.3). Upon completion of this step, the relative DC offsets between the quad-
rants of a single exposure, and between the four dithered images of a single pointing
position have been effectively set to a common DC level.
Figure 3.2 Illustration of the four-point dithering pattern. For each position, the
dithering starts with the right-most exposure and proceeds clockwise. The four expo-
sures are outlined separately by solid, dotted, dashed, and dotted-dashed boxes. Each
exposure consists of four quadrants. Each of the 16 quadrants (4 for each exposure)
is uniquely labelled for ease of discussion in §3.4.2.
Next, we need to remove the DC offsets between the four pointing positions,
within a single orbit and between the 144 different orbits. We adopt the same global
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Figure 3.3 Comparison between the position images that use either the ‘Pedsub’ step
2 (left panel) or our self-calibration method (right panel) in two overlapping regions
of quadrants. The green arrows in the left panel point to the places that illustrate
flux jumps at the boundaries of the quadrants of individual dithered exposures. This
Pedestal effect becomes much more prominent in an image containing net Paschen-α
emission.
fitting method as used for the quadrant offset problem above to estimate the relative
DC offset differences among pointing positions within an orbit, and between the 144
different orbits. We first calculate the mean difference between two adjacent pointing
positions and the statistical error based on their overlapping region. This fitting
methodology therefore leads to 575 linear equations. Again we add the additional
requirement that the sum of the corrections in the 576 positions to be zero. The
resultant solutions for the 576 offset corrections are added back into the original
position images, thereby effectively normalizing all of the images to a single DC offset
level.
In order to calibrate our normalized survey images to the true background count
rate, we use a set of very dark regions in the F187N and F190N bands to establish
the zero levels (Fig. 3.4). These regions which are observed to be extended and dark,
against the bright near-IR background of the GC, must be caused by the very strong
extinction of foreground molecular clouds (i.e. close to the solar neighborhood). We
assume there is no detectable astrophysical flux above the instrumental sensitivity
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over these regions. Therefore, any residual measured counts in these regions are
due to the global DC offset level that is a result of the background minimization
methodology discussed above. To minimize the effect of the statistical uncertainties
in our estimation, we fit the histogram of the intensities obtained in pixels of the dark
regions with a Gaussian. The fitted Gaussian central intensity value is adopted as
the absolute background and is subtracted from all images.
To convert from the instrumental count rate to physical flux intensities, in the
final of the background-subtracted images at 1.87 and 1.90 µm, we apply the scale
factors (PHOTFNU) of 4.32 and 4.05 ×10−5 Jy (ADU s−1)−1, which are obtained
from the HST NICMOS Photometric webpage. 1
3.4.3 Position image construction
After removing the DC offsets from the entire survey as discussed above, we merge
the four individual dithered exposures to form a combined image, which we call the
‘position image’. We do not use the standard IRAF ‘calnicb’ for this task. As men-
tioned in the HST NICMOS Data Handbook (Thatte et al., 2009), ‘calnicb’ does not
allow for pixel subsampling and hence provides no improvement of the image resolu-
tion from the use of the dithering. This routine also does not correct for geometric
distortion (the pixel size as projected on the sky in the X direction is about 1.005 times
larger than that in the Y direction for NIC3). Instead, we use the IRAF ‘Drizzle’
package to merge the exposures. This package is widely utilized for such a task. Al-
lowing for the dithering resolution enhancement, ‘Drizzle’ uses a variable-pixel linear
reconstruction algorithm, which is thought to provide a balance between ‘interlacing’
and ‘shift-and-add’ methods. The behavior of this algorithm is determined by the
parameter ‘pixfrac’, which defines the fraction of the input pixel size to be used for
the output one. We fix the parameter to be 0.75. With the correction for geometric
1http://www.stsci.edu/hst/nicmos/performance/photometry/postncs keywords.html
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Figure 3.4 Mosaic images of the F187N, F190N and Paschen-α intensities. In the
upper panel, several well-known objects in the GC are marked. White circles and
boxes in the middle panel enclose regions used to calculate the absolute background
level in the images (see §3.4.2). The white, yellow and pink circles in the lower
panel represent the spectroscopically confirmed, unconfirmed primary and secondary
Paschen-α emitting sources, respectively (see §3.5.5). For clarity, the sources within
the cores of the three clusters have not been overlaid.
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distortion, an output image is uniformly sampled to 0.101′′ square pixels, half of the
original pixel size of NIC3 (i.e. ‘SCALE’=0.5 in ‘Drizzle’). Step-by-step, ‘Drizzle’
first uses ‘crossdriz’ to produce ‘cross-correlation’ images between the different expo-
sures, then ‘shiftfind’ to determine the relative spatial shifts between the exposures,
and finally ‘loop driz’ to merge the exposures into a single position image. The pixel
size of the new images below is 0.101′′ .
The ‘Drizzle’ package provides additional tools to identify the outliers which are
not recognized by ‘calnica’. Toward the same line-of-sight within the four dithered
exposures, these tools select out the outlier pixels which cannot be explained by the
Poisson uncertainty of the detector’s electrons. These pixels are removed from the
further merge process in ‘loop driz’. However, these tools could potentially identify
the core of bright sources in several dithered exposures as cosmic-ray, due to the
undersampling problem of the NIC3 and could make us underestimate the intensity
of these sources (see also § 3.5.5).
3.4.4 Astrometry correction
Before combining all the position images to form a mosaic map for each filter,
we need to correct for different astrometrical uncertainties. We first account for the
relative shift between the two filter images of each position, due to the cumulative
uncertainties introduced by the small angle maneuvers associated with the relatively
large offset dithers. We calculate the shift using 50 or more relatively isolated bright
sources, detected in both filters. The largest shift is ∼ 0.025′′ , consistent with the
expected HST astrometric accuracy, ∼ 0.02′′ , for observations with at least one guide
star locked and within a single orbit (HST Drizzle Handbook). Such a shift, though
small, could still significantly affect an effective continuum subtraction (especially in
the vicinities of relatively bright sources) required to produce a high-quality Paschen-
α image. We thus correct for the shift for each position by regridding the F187N
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image to the corresponding F190N frame using IRAF ‘geotran’ with interpolation.
But we neglect any relative shift between different positions in the same orbit. Such a
shift should be similar to that between the filters and thus much less than the image
pixel size. We directly merge the four pointing positions to form a mosaic image for
each orbit, using the coordinate information in their fits headers.
We need to correct for the relative shifts between orbit images. Each of these
images is created by combining the four position images within each orbit with ‘Driz-
zle’. Because different orbits often used different guide stars, we expect a relatively
large astrometric uncertainty, which could be up to about 1′′ and must be corrected
for before creating a final mosaic map of the entire survey region. According to the
‘Drizzle handbook’, the roll angle deviation of HST is less than 0.003 degrees, i.e.
0.002′′ at the edge of the NIC3. Therefore, we just include the α and δ shift, but no
rotation deviation in our astrometry correction process, for simplicity. We determine
the relative shifts among all 144 orbits in a way similar to that used for the instrumen-
tal background DC offsets (§3.4.2). We estimate the relative shifts and their errors
(in both α and δ directions) between two adjacent orbits via the cross-correlation in
the overlapping region. A total of 254 pairs of the relative shifts (∆αi,j and ∆δi,j)
are thus obtained. The global fit is then reduced to solve 2×143=286 equations for
the required α and δ corrections to be applied to the 143 orbit images. Fig. 3.5
compares the distribution of the relative spatial shifts between adjacent orbit images
(
√
∆α2i,j +∆δ
2
i,j) before and after the correction. The astrometric accuracy after the
correction is sustantially improved; the median and maximum of the shifts are 0.039′′
and 0.107′′ , representing the relative astrometric precision of our survey.
Finally, we calibrate our astrometrically aligned survey image to the absolute
astrometry of the Galactic center, by using the precisely measured positions of SiO
masers known within the central 1’ around Sgr A* (Reid et al., 2007). These SiO
masers, believed to arise from the circumstellar envelopes of giant or supergiant stars,
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Figure 3.5 Distributions of the relative spatial shifts between adjacent orbit image
pairs before (thick line) and after (thin line) the astrometric corrections.
have well-determined positions with uncertainties of only ∼ 1 mas (Reid et al., 2007).
We adopt the radio positions of the masers determined in March 2006 and account for
their proper motions (Table 2 in Reid et al. (2007)). We identify 11 counterparts of
our F190N sources (see section 3.5.1) among the 15 masers; the remaining four (ID 11,
12, 14, 15; Table 1 of Reid at al. 2007) are apparently below our source detection limit
and are thus not used. We then correct for the mean α and δ shifts estimated between
the radio and F190N positions of the masers [(∆α, ∆δ)=(0.03′′ ,0.41′′ )]. After this
correction, the median and maximum spatial shifts between the radio sources and
their F190N counterparts are 0.03′′ and 0.08′′ consistent with the residual astrometry
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uncertainty of our final mosaic maps mentioned above. Therefore, the final median
astrometric accuracy of the mosaic is ∼ √0.0392 + 0.032 = 0.049′′ .
3.5 Data Analysis
With the data cleaned, background-subtracted, and corrected for the astrometry,
we conduct data analysis to detect point-like sources, to construct the extinction and
Paschen-α maps, and to identify Paschen-α-emitting candidates.
3.5.1 Source Detection
We use IDL program ‘Starfinder’ for the source detection (Diolaiti et al., 2000).
This routine, based on point spread function (PSF) fitting, is well-suited to detect
and extract the photometry of relatively faint sources in a crowded field, as in the
GC. Here we describe the key steps:
3.5.1.1 PSF construction
Given the expected stalibity of the HST PSF, and the difficulty of finding truly
isolated PSF source stars in the crowded GC, we construct a single PSF for use
throughput the entire survey. We select 23 PSF template stars from our images with
mK < 7 from the 2MASS catalog which are isolated and have high quality stellar
counterparts in our survey. These stars are randomly located in 22 position images
(2 stars are located within the same image) and are relatively bright so that any effect
due to the presence of adjacent sources and/or small-scale background fluctuation is
small. For each star, an image of 128×128 pixels (∼ 12.8′′ ×12.8′′ ) is extracted
from the resampled position image. The resultant 23 star images are then normalized
and median-averaged (pixel-by-pixel) to form a 2-D PSF. We apply this PSF image
to model and subtract the contributions from any obvious adjacent sources in each
star image. The PSF image is then formed again. These last two steps are iterated
twice to minimize the effect of adjacent sources on the final PSF image. In Fig. 3.6,
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we present the original F190N image for one position and its residual image after
removing the sources to demonstrate the goodness of our PSF.
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Figure 3.6 Comparison of the original F190N image (left panel) and the residual image
after removing the sources with our own PSF (right panel). We remove the sources
near the edge from our catalog of each individual position because of the unreliable
photometry. That is why these sources still exist in the residual image
3.5.1.2 Local background noise level
Another key input to the source detection routine is the average noise level (σ¯b)
of the background in each position image. To remove any large scale diffuse features,
we first subtract a median-filtered image (filter size=1.2′′ ∼ 5 FWHM of the PSF;
§3.5.1.1) from the position image. We then fit the histogram of residual intensity
values with a Gaussian to determine the pixel-to-pixel intensity dispersion, which we
use as an estimate of σ¯b. This fit is not sensitive to the high intensity tail that is due
to the presence of relatively bright stars. The median value of the dispersions is 0.017
ADU s−1 pixel−1, consistent with the estimate from the NICMOS Expsoure Time
Calculators (ETC), indicating that they are mostly due to fluctuations in the instru-
mental background. But positions near Sgr A* show exceptionally large dispersions
(∼ 0.03-0.04 ADU s−1 pixel−1), because of a high concentration of stars, resolved and
unresolved.
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3.5.1.3 Source detection process
With the PSF and σ¯b as the inputs, we conduct the source detection, which follows
the following major steps: 1) Each position image is median-filtered (filter size =
9×FWHM of the PSF) for a local background estimation; 2) A pixel brighter than
all 8 immediate surrounding ones and ∼> 6σ¯b above the local background is identified
to be a source pixel candidate; 3) Such pixels are sorted into a descending intensity
order; 4) Starting with the highest intensity one, the coefficient of the correlation
between the PSF and the surrounding sub-image that encloses the first diffraction
ring is calculated; 5) A source is declared if the correlation coefficient is larger than
0.7; 6) This source with its centroid and photometry estimated from the PSF fitting
is subtracted from the image before considering the next pixel. When one iteration
is completed, all the detected sources are subtracted from the original image and the
same steps are repeated again until no new source is detected.
All photometry measurements are performed on the position images prior to con-
struction of the full survey mosaic. For each individual position image, we first detect
the sources in the images of F187N and F190N, independently. If two detections
from these two filter images are less than 0.1′′ apart, we then consider that they are
the same source. We also remove all detections that occur only in one filter. With
the centroid fixed to the detections of the F190N, we rerun ‘Starfinder’ to obtain the
photometry of the remaining sources in both filters.
We remove or flag potentially problematic detections. Those detections with bad
pixels within the first diffraction ring are flagged in Table. 3.1 (‘Data Quality’ =
1). We throw away those detections that are less than 2×FWHM away from an
image edge, which, if real, should mostly be detected with better photometry in
other overlapping position images. We also identify false detections due to point-like
peaks present in the PSF wings of bright sources. For an arbitrary pair of adjacent
detections (separation r <2′′ ), we estimate the PSF wing intensity of the brighter
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one at the centroid position of the dim one. If this intensity is greater than the net
peak intensity of the dim source, we mark it in Table. 3.1 (‘Data Quality’= 2).
We merge the detections from all the position images in both filters to form a
single master source list. Two sources are considered to be the same, if they are less
than 0.25′′ apart (FWHM of our PSF) and are from different position images (after
the astrometry is corrected; §3.4.4). The source parameters are adopted from the
detection that is farthest away from the position image edges.
3.5.2 Source detection completeness limit
The source detection completeness varies from one position to another, chiefly
because of the variation in the stellar number density. We estimate the average
completeness in each position via simulations. We simulate sources in the magnitude
range from 13 to 18 with a bin size of 0.5, add them into each position image, and
rerun the source detection. Ten separate simulations, each containing 30 sources, are
conducted for each magnitude bin. Fig. 3.7 illustrates the magnitude dependence
of the recovered fraction of simulated sources for the two positions with the most
extreme stellar number densities: the lowest density position (GC-SURVEY-242) is
on the Galactic north side with a foreground dense molecular cloud, while the densest
one (GC-SURVEY-316) is near Sgr A*. For this latter position, the fraction decreases
quickly as the magnitude increases; the 50% incompleteness limit is about 15.5 mag.
This limit increases to 17.5th mag for the lowest density case. For a more typical
position in our survey, the 50% incompleteness limit is about 17th magnitude.
3.5.3 Photometric Uncertainties
It is known that ‘Starfinder’ severely underestimates actual photometric uncer-
tainty (Emiliano Diolaiti, private communication). Therefore, we need to find a bet-
ter way to accurately formulate and calculate the uncertainties based on our empirical
data. The photometric uncertainty should normally consist of at least two parts: 1)
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Table 3.1. HST/NICMOS GC Survey Gatalog
R.A. Decl. Uncertainty f1.87 µm f1.90 µm σf1.87 µm σf1.90 µm Data
Source ID (J2000.0) (J2000.0) (R.A.) (Decl.) l b (Jy) (Jy) (Jy) (Jy) mF187N mF190N Nexp Quality
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
1 266.27877 -29.14364 0.02 0.03 359.76538 -0.01395 5.36 5.35 0.09 0.08 5.4 5.5 4 0
2 266.42287 -28.86000 0.05 0.04 0.07313 0.02640 4.09 4.16 0.07 0.07 5.7 5.8 4 0
3 266.28008 -29.13699 0.02 0.03 359.77165 -0.01146 3.41 3.41 0.06 0.05 5.9 6.0 4 0
4 266.46723 -28.78837 0.02 0.01 0.15452 0.03053 2.90 3.38 0.07 0.08 6.1 6.0 2 0
5 266.51105 -28.99267 0.05 0.01 0.00003 -0.10856 3.27 3.23 0.06 0.05 6.0 6.0 4 0
6 266.26167 -29.11459 0.04 0.02 359.78236 0.01396 2.74 2.87 0.05 0.05 6.2 6.2 4 0
7 266.59299 -28.74451 0.02 0.01 0.24932 -0.04081 2.82 2.85 0.05 0.04 6.1 6.2 4 0
8 266.44895 -29.05837 0.04 0.02 359.91567 -0.09639 2.73 2.78 0.05 0.04 6.2 6.2 4 0
9 266.24587 -29.27417 0.02 0.04 359.63905 -0.05760 2.22 2.31 0.06 0.05 6.4 6.4 2 0
10 266.47656 -28.94451 0.03 0.03 0.02546 -0.05773 2.38 2.29 0.04 0.04 6.3 6.4 4 0
11 266.49101 -28.98780 0.02 0.02 359.99507 -0.09106 1.86 2.11 0.03 0.03 6.6 6.5 4 0
12 266.38384 -28.78755 0.01 0.04 0.11715 0.09334 1.83 1.86 0.03 0.03 6.6 6.6 4 0
13 266.40656 -28.77856 0.02 0.02 0.13519 0.08103 1.59 1.64 0.03 0.03 6.8 6.8 4 0
14 266.48984 -28.74051 0.01 0.04 0.20570 0.03851 1.42 1.41 0.03 0.02 6.9 6.9 4 0
15 266.38173 -29.01626 0.01 0.02 359.92100 -0.02428 1.38 1.40 0.03 0.03 6.9 6.9 2 0
16 266.26673 -29.18231 0.02 0.03 359.72691 -0.02517 1.26 1.40 0.02 0.02 7.0 6.9 4 0
17 266.51293 -28.81531 0.03 0.03 0.15235 -0.01769 1.27 1.30 0.02 0.02 7.0 7.0 4 0
18 266.24782 -29.09057 0.03 0.02 359.79653 0.03682 1.41 1.10 0.02 0.02 6.9 7.2 4 0
19 266.24378 -29.25220 0.01 0.02 359.65684 -0.04457 1.05 1.06 0.02 0.02 7.2 7.2 3 0
20 266.40381 -29.06478 0.03 0.03 359.88964 -0.06605 1.02 1.05 0.02 0.02 7.2 7.3 4 0
... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
Note. — The full source list is published online in the future. A portion is shown here. Units of R.A. and Decl. are decimal degrees, while units of uncertainty is arcsecond.
Columns 6 and 7 are in Galactic longitude and latitude in decimal degrees. The sources with the ‘Data Quality’=1 have nearby bad pixels, while the sources with the ‘Data
quality’=2 are significantly contaminated by wings of bright sources (see § 3.5.1.3)
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Figure 3.7 The recovered fraction of the simulated sources as a function of the F190N
magnitude. The solid and dashed lines represent the positions with the extremely low
and high stellar densities (see §3.5.2 for details). The vertical line at 17 magnitude
represents the 50% incompleteness limit for most of the positions in our survey
the Poisson fluctuation in the intensity (∝ √f , where f is the source intensity in units
of counts) and 2) the local background noise (∝ σb). In the case of NIC3, we also
need to account for the ‘intrapixel’ error, which is due to the response variation over
an individual detector pixel from the center to the edge and due to the dead zones
between the pixels. This error depends on the degree of the undersampling of the
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PSF, as is the case for individual NIC3 exposures. Furthermore, when converting the
units ADU/s to Jy, a systematic error (fpe) is introduced into the photometry, 0.0168
for F187N and 0.0051 for F190N,2 involving the use of the calibrated stars. Both of
this systematic error and the ‘intrapixel’ error are reduced by a factor of the square
root of the number of the dithered exposures used in constructing a position image.
Putting all these together, we can express the total model photometric uncertainty
σf (in units of ADU/s) as
σ2f − A ∗ σ2b =
f
gain ∗ t ∗Nexp +
(a ∗ f)2 + (fpe ∗ f)2
Nexp
, (3.1)
where f (in units of ADU/s) is the source flux, t (s) is the exposure time for individual
dithered exposure, Nexp is the total number of exposures, ‘gain’ (6.5 electron/ADU
for NIC3) is an instrument parameter, and ‘A’ is the photometry extraction area
in units of pixels. The local background noise σb (ADU/s/pixel) can be significantly
different from the σ¯b, the mean background over a position image used in §3.5.1.2,
and can be quantified for each detected source (see below). So only the coefficient a
needs to be calibrated for NIC3 .
We conduct this calibration by measuring the flux dispersions in multiple dithered
exposures of our detected sources. We select only those sources that are not flagged
and are detected in all four dithered exposures of a position. We measure the source
flux in each exposure, using the ‘daophot’ package in IRAF (‘Starfinder’ is not suitable
for this purpose, because the PSF in a single exposure is severely undersampled). The
flux is extracted from an on-source circle (radius=3 pixels or ∼ 0.6′′ , hence A = 32pi)
after a local background estimated in an annulus 1′′ -2′′ (4-8 FWHM of the PSF) is
subtracted. The median of the standard dispersions within this background region
from the four dithered exposures gives σb. The mean and standard dispersion of the
2http://www.stsci.edu/hst/nicmos/performance/photometry/postncs keywords.html
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fluxes (f and σf ) in the four dithered exposures are then calculated. To conduct a
χ2 fit of Eq. 3.1 to the measurements, we further calculate the average and standard
dispersion of σ2f − A ∗ σ2b (the left side of Eq. 3.1) in each bin of 20 sources obtained
adaptively from ranking their mean fluxes. The calculated values are presented in
Fig. 3.8. Since σf is the dispersion of the flux measurements among the dithered
exposures, Nexp = 1 and t = 48 s. The best-fit (χ
2/dof=4270./2624) then gives
a = 0.03. Fig. 3.8 compares the empirical measurements and the best-fit model. The
dispersion is dominated by the source and background counting uncertainties in the
low flux range and by the ‘intrapixel’ error in the high flux one.
With the calibrated a value, we can now convert Eq. 3.1 for estimating the pho-
tometric uncertainties of our sources detected with ‘Starfinder’ (§3.5.1.3). In this
case, the error is for the mean source flux f in a combined position image, instead
of the standard dispersion of the detections in individual dithered exposures used in
the calibration above. The conversion can be done by setting (1) Nexp equal to the
actual number of exposures covering each source (typically four), (2) A to 92 pixels,
the region (including the first diffraction ring) used to estimate the source flux in
‘Starfinder’ above, and (3) σb to the standard dispersion in a box of 9×9 FWHM in
the ‘Starfinder’ residual intensity images obtained after excising all detected sources
according to the PSF. The converted Eq. 3.1 is then used to estimate the photometric
uncertainty for each of our detected sources.
A source flux (f) may be further expressed in magnitude as
m = −2.5 log( f
f0
), (3.2)
where we adopt the Vega zeropoint (f0) as 803.8 Jy (F187N) or 835.6 Jy (F190N), as
listed in the NICMOS photometric keywords website.
We also need to have an absolute calibration of our photometry measurements
in the F187N and F190N bands. The measurements depend on the goodness of the
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Figure 3.8 Comparison between the empirically calculated and model dispersions
of the source fluxes. The term due to the local background noise is estimated in
individual sources and is subtracted from the dispersions. The long dashed line and
dotted line represent the model contributions from the poisson fluctuation and the
intra-pixel sensitivity error, while the dash dot line represents their total contribution.
Representative error bars are illustrated at five flux levels.
PSF as well as the calibration of the F187N and F190N transmission curves. We
conduct this calibration by comparing our flux measurements with predictions from
stellar model spectral energy distribution (SED) fits to 2MASS JHK measurements,
which have an excellent photometry accuracy (Skrutskie et al., 2006). We first select
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out 252 sources with J<14.1, H<11.6 and K<9.8, which insure that these sources
are 10% brightest in all three 2MASS bands and show minimal flux confusion from
other sources. We construct various SEDs from the ATLAS9 stellar atmosphere
model (Castelli et al., 1997), together with the surface temperature and gravity for
stars of different types.3 For each source, we adopt the SED that gives the best χ2 fit
to the JHK measurements with the extinction as a fitting parameter (the extinction
law of Nishiyama et al. 2009 is assumed). 26 among these 252 sources are chosen
because of their low extinction (AK < 0.5) and without substantial deviation (< 3σ)
from the best-fit SES model predictions in F187N. The former criterion is used to
reduce the uncertainty in the extinction law that is discuss in § 4.3, while the latter
one removes potential EMSs with significant emission in the 1.87 µm. The fluxes
from the best-fit SED are all consistent with our measurements. The median of
the predicted to measured flux ratios for the 26 sources is 1.016±0.009 (F187N) or
1.049±0.009 (F190N). This ratio is insensitive to the assumed extinction law (<1%,
which is used as a measurement of the systematic uncertainty of the F187N to F190N
flux ratio later) and is multiplied to the measured F187N or F190N flux, respectively.
If we do not modify the absolute photometry here, the flux ratio (f1.87 µm
f1.90 µm
) would
be overestimated by 3% and therefore the extinction derived in § 3.5.4 would be
underestimated by 40%.
3.5.4 Ratio Map
To construct the net Paschen-α map, we need to subtract the stellar continuum
contribution in the F187N band (§3.5.6). This contribution can be determined by us-
ing the observed intensity in the F190N images and the ratio of the F187N and F190N
filters. The two primary contributions to the variation in the F187N to F190N ratio
are the interstellar extinction and the wavelength differences of the stellar continuum
3http://www.stsci.edu/hst/observatory/etcs/etc user guide/1 ref 4 ck.html
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which varies slightly with stellar type. In the GC, the extinction effect dominates,
which can be estimated from the F187N to F190N flux ratios of our detected point
sources.
Limited by the number statistics of the sources, we construct our ratio map with
a pixel size of 4′′ . For each pixel, we obtain a median F187N to F190N flux ratio
(r) from 101 closest sources as the representative of the F187N to F190N continuum
flux ratio of the GC stellar light at that location. The number ‘101’ is considered
to be a good balance between reducing the effect of the photometric uncertainty in
the median averaging and increasing the angular resolution of our ratio map. As
long as the bulk of the 101 sources are low-mass stars located in the GC, the median
averaging should not be sensitive to a few outliers (e.g., massive stars or foreground
stars). The photometric uncertainty of the averaging (σr) is
1√
101
of the standard
dispersion estimated from the ranked values (34 on each side of the median). While
the median photometric error of individual stars is ∼ 4%, the uncertainty after the
average should then be ∼ 0.4%. We also record the maximum angular distance (d)
of these sources to the pixel center, which is as small as 4.3′′ in the field close to Sgr
A*, where the surface density reaches ∼ 1.7 sources arcsecond−2 and has a median
of 9.2”, averaged over the whole survey area. This latter value may be considered as
the average resolution of the ratio map.
We use the ratio map to construct a high resolution extinction map. Assuming
an extinction law: A(λ)=λ−Γ, the differential extinction at each pixel is
AF187N − AF190N = ((1.9003
1.8748
)Γ − 1)× AF190N = −2.5× log[(f1.87 µm
f1.90 µm
)o/(
f1.87 µm
f1.90 µm
)m]
(3.3)
where (f1.87 µm
f1.90 µm
)o and (
f1.87 µm
f1.90 µm
)m are the observed and intrinsic (model) flux ratios,
while (1.9003/1.8748) is the ratio of the effective wavelengths of the two filters. As
discussed previously, (f1.87 µm
f1.90 µm
)m= 1.015 for a K0III star and is not very sensitive to
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the exact stellar types assumed (< 1% for different types of evolved low mass stars).
The above equation indicates that there is an anti-correlation between the Γ and
AF190N . To infer AF190N or equivalently AK , we assume Γ = 2 (Nishiyama et al.,
2009), which seems to be most consistent with the RC magnitude location of stars in
the GC (§ 4.3). If a different extinction law is adoped, then the inferred extinction
is changed; e.g., AF190N or AK needs to be scaled by a factor of 1.29/0.91/0.75 or
1.37/0.88/0.69 for Γ=1.56/2.20/2.64, respectively (Rieke, 1999; Scho¨del et al., 2010;
Gosling et al., 2009). The uncertainty in the averaged photometry (∼ 0.4%) also
introduces an uncertainty in this extinction map: ∼0.22 mag or ∼0.16 mag in the
F190N or K band.
We note that the above estimate is problematic in regions with very strong fore-
ground extinction. Such regions can be strongly contaminated, if not dominated, by
foreground stars. Therefore, the derived ratio can be a poor representation of stars
in the GC. We identify such regions to be those having a source number density ( 101
pid2
)
<0.31 arcsecond−2, which corresponds to ∼ 2σ below 0.38 arcsecond−2, the density
averaged across the survey field. At each pixel of these regions, we adopt the extinc-
tion values from Schultheis et al. (2009) (using the conversion AK=0.089AV ), if it is
greater than the one from our map. The extinction map of Schultheis et al. (2009)
is based on the Spitzer IRAC photometry of red giants and asymptotic giant branch
stars and is sensitive to strong extinction. But the map has a relative low resolution
of ∼ 2′, which is 12 times larger than the average resolution of our extinction map,
and it does not resolve compact dusty clouds.
Our adopted AF190 extinction map (or the equivalent flux ratio map) is presented
in Fig. 3.9 and is used for the construction of Paschen-α images. One may infer AK ,
using the conversion, AK = 0.76×AF190N , but is advised against a simple conversion
to AV because the extinction law is very uncertain between the optical and infrared
bands toward the GC (Rieke, 1999; Nishiyama et al., 2009). Because of the closeness
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of the two filters in our survey, the readers should be aware of the large statistic and
potentially systematic uncertainty toward individual lines of sight of the extinction
map. The criss-cross ‘textile’ pattern in Fig. 3.9 appears to be artifacts of relatively
large flux uncertainties in the overlapping regions among the pointing positions.
Figure 3.9 Our adopted extinction map (AF190N ). White indicate the highest AF190N
values. The minimum, maximum and median values of AF190N are 1.5, 6.1 and 3.0.
The spatial resolution is ∼ 9.2′′
One may be concerned about the presence of stars with Paschen-α absorption
lines at 1.87 µm, which may lead to an overestimation of the extinction. Such stars
in a typical region are either too rare (e.g., O and B stars) to affect our median
average (used in constructing the extinction map) or too faint (e.g., A-type MS stars,
which can have significant Paschen-α absorption) to be even detected individually.
Only in the core of massive compact clusters may the crowded presence of such stars
significantly affect the extinction estimate. We will examine this potential problem
in a later paper.
3.5.5 Paschen-α-emitting point sources
We identify a source to be a Paschen-α-emitting candidate if its flux ratio r (=
f1.87 µm
f1.90 µm
) is significantly above the local background value (r). We define this excess
as
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r − r > Nsσtot, (3.4)
where
σtot =
√
σ2r + σ
2
r , (3.5)
and
σ2r =
f1.87 µm
f1.90 µm
×
[
(
σf(1.87 µm)
f1.87 µm
)2 + (
σf(1.90 µm)
f1.90 µm
)2
]
. (3.6)
We choose two values for the significance factor, Ns, of the excess: 4.5 and 3.5,
resulting in the identifications of 197 and 341 potential Paschen-α-emitting point
sources among all 5.5×105 stellar detections having cross-correlation values in both
filters larger than 0.8. We use a higher cross-correlation limit here (0.7 in § 3.5.1.3
) to remove sources with relative low detection quality. Statistically, the expected
number of spurious identifications among all the detected sources is about 2 and
83 for Ns = 4.5 and 3.5, respectively, over the entire survey field. The latter (less
conservative) choice ofNs is particularly useful for identifying Paschen-α-emitting
candidates in small targeted regions (e.g., the known clusters), for which the expected
number of spurious sources would be negligible.
We individually examine these initial identifications in the F187N and F190N
images to flag potential systematic problems. First, with the choice of Ns=4.5 (or
3.5), we label 30 (42) of the identified Paschen-α-emitting candidates with ‘Problem
Index’=1 in Table. 4.2, since their total fluxes within the central 5×5 pixel in the
calibrated F190N images are reduced by 1%, compared with the images produced
without ‘cosmic-ray removal’ steps in the ‘Drizzle’ package (see §3.4.3). Second, each
of additional 5 (10) sources has a neighbor within 0.3′′ (i.e. ∼ 1 FWHM of our PSF)
and with a comparable flux (within a factor of 10). The photometric accuracy of
these candidates is somewhat problematic. Therefore, they are labeled with ‘Problem
Index’=2 in Table. 4.2. Third, our visual examination removes another 10 sources,
the photometry of which are likely affected by the nearby bright sources (‘Problem
Index’=3 in Table. 4.2).
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3.5.6 Paschen-α image
The final Paschen-α intensity map is created by removing the stellar continuum
from the F187N image, using the F190N image and the F187N/F190N point source
ratios. The stellar contribution is derived from the F190N intensity image by multiply-
ing a corresponding scale image, which depends on the local intrinsic stellar spectral
shape and the line-of-sight extinction determined as described in §3.5.4. Because of
the closeness of the wavelength of the two narrow bands, this dependence is gener-
ally weak ( <∼ 10% for the expected extinction range over the survey area and much
smaller for various stellar types). Nevertheless, to map out low surface brightness dif-
fuse Paschen-α emission, we need to account for the dependence, especially for pixels
that are affected by relatively bright sources. We construct two kinds of Paschen-α
images, with or without the Paschen-α sources (Ns > 3) retained. We denote the
latter as denote the diffuse Paschen-α image. We adopt the ‘Spatially Variable Scale’
method used by Scoville et al. (2003) to calculate the scale factor for each individual
source that needs to be excised. This method involves many steps, including the
allocation of affected pixels to a source and the calculation of its F187N-to-F190N
flux ratio. The scale factor for a ‘field’ pixel, which is not significantly affected by
sources, is directly inferred from the ratio map constructed in §3.5.4. This approach
adaptively accounts for the spatial extinction variation, which slightly differs from
that used in Scoville et al. (2003), where an average flux ratio of detected sources is
applied to an entire position image. The product of the constructed scale map and
the F190N image is then subtracted from the corresponding F187N image to map out
the Paschen-α intensity. Finally, small-scale residuals which deviate from the local
median values by more than 50% error (due mainly to photon counting fluctuations
around removed sources) are replaced by the interpolation across neighboring pixels
in the resultant image, as was done in Scoville et al. (2003). As a close-up demon-
stration, Fig 3.10 shows the F187N, F190N and Paschen-α images with and without
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the Paschen-α emitting sources in the ‘GC-SURVEY-72’ position, which contains the
Quintuplet cluster, as well as the Pistol star and its Nebula.
0 5 10 15 20
Pa with Pa sources Pa without Pa sources
F190NNorth F187N
Figure 3.10 The F187N (upper left) and F190N (upper right) images and differenced
images with and without Paschen-α emitting sources (lower left and lower right, see
§3.5.5) of the position ‘GC-SURVEY-72’ (in detector coordinates), which includes the
central part of the Quintuplet cluster, the Pistol star and the Pistol Nebula. Diffuse
Paschen-α emission from the Pistol Nebula dominates the Paschen-α images.
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CHAPTER 4
PRELIMINARY PRODUCTS AND DISCUSSION
4.1 Abstract
We list the products of our survey in this Chapter. For the extended emission,
many previously known diffuse thermal features are now resolved into arrays of in-
triguingly fine linear filaments indicating a profound role of magnetic fields in sculpt-
ing the gas. The bright spiral-like Paschen-α emission around Sgr A* is seen to be
well confined within the known dusty torus. In the directions roughly perpendicular
to it, we further detect faint, diffuse Paschen-α emission features, which, like earlier
radio images, suggest an outflow from the structure. In addition, we detect various
compact Paschen-α nebulae, probably tracing the accretion and/or ejection of stars
at various evolutionary stages. For the point sources, a comparison with the expected
stellar magnitude distribution shows that these sources are primarily massive stars
in MS (∼> 7M⊙) and evolved lower mass stars at the distance of the Galactic center.
In particular, the observed source magnitude distribution exhibits a prominent peak,
which could represent the Red Clump (RC) stars within the Galactic center. The
observed magnitude and color of these RC stars support a steep extinction curve in
the near-IR toward the Galactic center (Nishiyama et al., 2009).
4.2 Products
Fig. 3.4 illustrates the products of the above data analysis, including the 1.87 µm,
1.90 µm, and Paschen-α mosaic maps constructed for the entire survey field. The
diffuse Paschen-α map has been presented in Wang et al. (2010).
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Fig. 3.9 shows our adopted composite extinction map, which represents the first
large-scale subarcmin-resolution measurement for much of the survey area. Fig. 4.1
further presents the AF190N histogram constructed from the map. The median value
(AF190N ) is 3.05, while the peak in Fig. 4.1 represents AF190N=2.92±0.01, correspond-
ing to AK = 2.22 ± 0.01 (using the extinction law of Nishiyama et al 2009). If we
adopt the extinction law of Rieke (1999), AK increases to 3.03±0.01, which is consis-
tent with the average extinction (AK=3.28±0.45) derived from stellar observations in
15 different regions within the GC by Cotera et al. (2000). Our estimated extinctions
toward the Arches, Quintuplet and Central clusters are also consistent with other in-
dependent observations to within 10% (Stolte et al., 2002; Figer et al., 1999a; Scoville
et al., 2003), if we adopt the slopes of the extinction laws they used.
In total, we detect 570,532 point-like sources in both the F187N and F190N bands
above a threshold of 6σ. Table 3.1 presents the parameters for a sample of these
sources, while the complete catalog is published online only. Among the sources,
9,662 are flagged because of their proximity to relatively bright sources or because of
nearby bad pixels (see §3.5.1.3 and note to Table 3.1).
Table 4.1 presents the 152 sources that are the most reliable Paschen-α-emitting
candidates, which are identified with S/N > 4.5 (see § 3.5.5) and with no flag for
potential systematic problems. In addition, we list tentative candidates in Table 4.2:
those with problem flags and S/N > 4.5, and those having 3 < S/N < 4.5. Table 4.1
presents the 152 sources that are the most reliable Paschen-α-emitting candidates,
which are identified with S/N > 4.5 (see § 3.5.5) and with no flag for potential
systematic problems. In addition, we list tentative candidates in Table 4.2: those
with problem flags and S/N > 4.5, and those having 3 < S/N < 4.5.
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Figure 4.1 AF190N distribution of the adopted extinction map.
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Table 4.1: Primary Paschen-α emitting candidates
Source R.A. Decl.
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 266.62478 -28.78001 12.8 12.6 12.6 1.1 0.15 5.6 F
2 266.59921 -28.80299 13.3 11.4 12.1 2.6 1.64 26.7 Mau10c 17 WN5b F
3 266.51501 -28.78606 14.1 12.3 13.0 1.1 0.13 4.9 F
4 266.55606 -28.81641 11.5 9.8 10.5 1.2 0.31 10.3 FQ 381 OBI Q
5 266.55408 -28.82014 14.1 12.2 13.8 1.1 0.17 5.9 Q
6 266.56301 -28.82693 10.5 10.4 9.6 1.5 0.53 15.1 Lie 71,FQ 241 WN9 Q
7 266.56643 -28.82714 10.6a 8.9a 10.2 1.5 0.55 15.4 Lie 67,FQ 240 WN9 Q
8 266.56293 -28.82480 11.2 9.8 10.2 1.2 0.23 8.1 Lie 110,FQ 270S O6-8 I f (Of/WN?) Q
9 266.56312 -28.82568 11.1 10.6 10.3 1.1 0.17 6.2 Lie 96,Mau10a 19 O6-8 I f e Q
10 266.56304 -28.82631 11.6 9.9 10.6 1.1 0.18 6.7 Lie 77,FQ 278 O6-8 I f eq Q
11 266.56896 -28.82547 11.7 10.2 10.9 1.5 0.52 14.9 Lie 99,FQ 256 WN9 Q
12 266.56323 -28.82821 13.2 11.3 12.2 2.7 1.74 26.8 Lie 34 WC8 Q
13 266.56316 -28.82761 12.2 2.3 1.33 23.8 Lie 47 WC8 Q
14 266.58167 -28.83606 15.2 1.2 0.30 4.8 F
15 266.51338 -28.81622 13.2 11.7 12.4 1.1 0.17 6.4 F
16 266.47853 -28.78699 14.6 13.1 13.6 1.1 0.20 6.8 F
17 266.46028 -28.82543 12.5 10.6 11.3 2.0 1.05 22.1 FA 5,Blu01 22 WN8-9h F
18 266.45712 -28.82372 13.0 10.8 11.7 1.7 0.79 19.3 FA 2,Blu01 34,Mau1 WN8-9h A
19 266.45255 -28.82840 13.6 11.1 12.1 1.9 0.97 21.4 Mau10c 11 WN8-9h F
20 266.45865 -28.82393 12.8 11.0 11.7 1.2 0.29 9.7 FA 10,Blu01 30 O4-6If A
21 266.45895 -28.82411 13.5 11.6 12.5 1.2 0.26 8.5 FA 17,Blu01 29 A
22 266.47249 -28.82693 12.5 11.0 11.6 1.3 0.31 10.5 Mau10c 12 WN8-9h F
23 266.54169 -28.92566 12.3 10.8 11.4 1.3 0.33 10.8 Mau10c 15 WN8-9h F
24 266.50251 -28.90761 15.2 13.6 14.9 1.2 0.25 5.7 F
25 266.49295 -28.87223 14.4 1.2 0.30 8.5 F
26 266.49541 -28.89392 15.5 13.6 15.7 1.4 0.42 4.6 F
27 266.48141 -28.90196 16.2 15.3 15.3 1.4 0.45 7.5 F
28 266.49067 -28.91267 13.4 11.4 12.2 1.9 1.00 21.5 Ho2 WC8-9 F
29 266.53998 -28.95375 16.5 14.4 14.9 1.1 0.17 4.9 F
30 266.53377 -28.97338 12.6 10.5 11.0 1.1 0.18 6.6 F
31 266.52612 -28.98747 13.6 11.7 12.3 1.1 0.12 4.8 F
32 266.37803 -28.87674 17.1 1.6 0.66 5.0 F
33 266.33953 -28.86082 14.2 1.2 0.26 8.1 F
34 266.46061 -28.95726 12.9 11.3 12.0 2.6 1.67 26.9 Mau10c 19 WC9 F
35 266.36926 -28.93473 11.5 9.7 10.6 1.4 0.46 10.8 Cot 4,Mau10a 7 Of F
36 266.38126 -28.95466 12.7 11.4 11.8 1.1 0.17 6.4 Mau10c 6 O4-6I F
37 266.44762 -29.04884 15.1 1.2 0.22 4.6 F
38 266.40831 -29.02624 9.6a 8.9a 9.1 1.1 0.13 5.2 Mau10c 7 O4-6I F
39 266.34458 -28.97893 15.2 12.2 13.4 2.3 1.41 24.8 Mau10a 6 WN5-6b F
40 266.35029 -29.01633 10.3a 8.8a 9.7 1.2 0.21 7.5 Mau10c 5 B0I-B2I F
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Source R.A. Decl.
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
41 266.40788 -29.10817 13.1 11.5 12.1 1.1 0.15 5.9 F
42 266.38541 -29.08277 14.6 12.0 13.0 1.8 0.88 20.1 Mau10c 8 WC9 F
43 266.30814 -29.07728 15.2 13.6 15.6 1.3 0.37 5.7 F
44 266.25555 -29.04208 14.8 11.9 13.1 1.1 0.18 6.6 F
45 266.25250 -29.10650 16.6 14.8 15.8 1.2 0.26 5.2 F
46 266.28706 -29.11563 14.9 13.3 13.9 1.3 0.38 11.1 F
47 266.31271 -29.15230 14.9 1.1 0.17 4.7 F
48 266.34449 -29.18235 15.7 1.3 0.34 6.0 F
49 266.34120 -29.19988 14.7 12.7 13.4 1.9 0.94 20.5 Mau10c 3 WC9 F
50 266.26206 -29.14994 10.6 1.1 0.15 5.8 Mau10a 1 O9I-B0I F
51 266.26160 -29.13144 16.1 14.5 14.6 1.1 0.18 5.7 F
52 266.22865 -29.11919 16.6 14.8 15.1 1.1 0.17 5.0 F
53 266.27944 -29.20018 13.5 11.1 12.1 1.3 0.34 11.1 Mau10c 2 WC9?d F
54 266.24580 -29.22798 15.9 13.8 15.0 1.9 0.95 17.2 F
55 266.24935 -29.26869 12.6a 11.9a 14.6 1.1 0.17 5.1 F
56 266.61499 -28.76995 11.3 9.5 10.2 1.3 0.35 11.3 Mau10c 18 OI F
57 266.62457 -28.77776 14.7 12.6 13.6 1.3 0.38 11.6 F
58 266.63270 -28.77975 12.6 11.6 11.9 1.2 0.34 5.8 F
59 266.57304 -28.82467 11.8a 10.2a 11.0 1.4 0.46 9.6 FQ 274 WN9 Q
60 266.57294 -28.82181 13.4 11.4 12.2 2.2 1.27 24.1 FQ 309 WC8 Q
61 266.48245 -28.74278 15.0 13.3 14.0 1.3 0.35 10.5 F
62 266.55855 -28.82124 12.3 10.5 11.3 2.2 1.24 24.0 Lie 158,FQ 320 WN9 Q
63 266.55437 -28.82364 12.9 10.5 11.5 1.4 0.49 14.4 Ho3 WC8-9 Q
64 266.54641 -28.81830 13.4 11.6 12.3 2.6 1.61 26.5 FQ 353E WN6 F
65 266.55773 -28.81403 12.7 10.9 11.7 1.1 0.21 7.6 FQ 406 Q
66 266.56483 -28.83833 13.2 11.2 12.2 2.0 1.01 15.3 FQ 76 WC9 Q
67 266.56301 -28.83910 15.6 1.4 0.41 4.6 Q
68 266.56352 -28.83428 8.9a 7.3a 7.3 1.2 0.25 7.6 FQ 134 LBV Q
69 266.56452 -28.82226 10.8 9.2 9.9 1.1 0.12 4.5 Lie 146,FQ 307 O6-8 I f? Q
70 266.56973 -28.83090 11.9 10.2 11.0 1.1 0.18 6.4 Lie 1 O3-8 I fe Q
71 266.55895 -28.82645 12.9 10.3 11.5 1.4 0.45 13.3 Lie 76 WC9d Q
72 266.56676 -28.82268 12.1 10.5 11.3 1.1 0.14 5.1 Lie 143,FQ 301 O7-B0 I Q
73 266.56173 -28.83344 13.2 10.5 11.9 1.2 0.22 5.3 FQ 151 WC8 Q
74 266.55722 -28.82803 15.2 1.4 0.46 7.7 Q
75 266.57118 -28.85862 12.1 10.5 11.3 1.3 0.36 11.2 M07 2,Mau10a 22 O6If+ F
76 266.58645 -28.87528 13.7 12.6 13.1 1.1 0.14 4.6 F
77 266.57310 -28.88431 12.1 10.5 11.1 1.5 0.51 14.6 Mau10c 16 WN8-9h F
78 266.45091 -28.79055 14.6 12.7 13.6 1.1 0.15 5.6 F
79 266.46449 -28.82372 13.2 11.2 11.8 1.5 0.61 11.8 Blu01 1 WN7 F
80 266.46014 -28.82276 11.6 9.9 10.6 2.0 1.09 22.3 FA 6,Blu01 23,Mau1 WN8-9h A
81 266.46075 -28.82145 11.7 10.1 10.8 2.1 1.21 20.3 FA 4,Blu01 17 WN7-8h A
82 266.46182 -28.82389 12.0 10.1 10.9 2.1 1.14 22.9 FA 3,Blu01 3 WN8-9h A
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Source R.A. Decl.
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
83 266.46035 -28.82199 13.6 12.0 10.7 1.8 0.82 18.8 FA 7,Blu01 21,Mau1 WN8-9h A
84 266.46001 -28.82246 12.0 10.1 11.1 2.0 1.04 21.6 FA 8,Blu01 24 WN8-9h A
85 266.45925 -28.82274 12.0 10.1 11.0 1.7 0.79 18.9 FA 1,Blu01 28 WN8-9h A
86 266.45948 -28.81983 12.2 10.5 11.0 1.5 0.56 11.2 FA 9,Blu01 26,Mau1 WN8-9h A
87 266.45954 -28.82136 10.0a 9.6a 11.4 1.8 0.86 19.5 FA 12,Blu01 25 WN7-8h A
88 266.46121 -28.82284 12.4 10.8 11.5 1.6 0.69 17.3 FA 14,Blu01 12 WN8-9h A
89 266.46151 -28.82118 12.2 10.8 11.4 1.2 0.28 6.6 FA 15,Blu01 8 O4-6If A
90 266.46057 -28.82231 12.5 10.9 11.7 1.4 0.50 13.3 FA 16,Blu01 19 WN8-9h A
91 266.48072 -28.85726 12.5 11.0 11.5 2.5 1.61 18.8 M07 1,Mau10a 16 WN5-6b F
92 266.52345 -28.85881 9.2a 7.5a 7.4 1.3 0.38 11.9 Mau10b LBV F
93 266.51671 -28.89814 15.6 1.2 0.30 5.5 F
94 266.51080 -28.90388 13.5 11.6 12.5 2.4 1.42 21.8 Mau10c 14 WC9 F
95 266.49765 -28.88075 12.1 10.5 11.2 1.1 0.12 4.8 F
96 266.45238 -28.83491 13.3 11.0 11.8 2.0 1.10 22.8 Cot 1 Ofpe/WN9 F
97 266.44891 -28.84692 12.2a 10.7a 11.5 1.2 0.25 7.6 F
98 266.42197 -28.86325 11.6 9.9 10.6 1.2 0.27 6.6 Mau10c 9 O4-6If+ F
99 266.41118 -28.86958 16.4 13.9 15.1 1.9 0.95 17.4 F
100 266.42634 -28.87976 11.7 10.1 10.9 1.3 0.37 8.2 Mau10c 10 O4-6If+ F
101 266.42704 -28.88140 13.2 11.2 12.1 1.9 0.98 21.0 Ho1 WC8-9 F
102 266.43349 -28.88800 13.3 12.4 12.8 1.2 0.25 8.8 F
103 266.50689 -28.92091 10.7 9.1 9.7 1.2 0.28 9.7 Mau10c 13 OI F
104 266.53042 -28.95485 16.3 1.5 0.52 4.5 F
105 266.47070 -28.92692 14.9 13.4 14.0 1.1 0.19 6.2 F
106 266.46776 -28.94615 16.1 14.5 14.7 1.3 0.32 8.1 F
107 266.41391 -28.88919 11.8 10.2 10.9 1.4 0.43 11.4 Cot 5 B[e] F
108 266.44602 -28.94612 15.5 14.0 14.7 1.2 0.27 6.4 F
109 266.46088 -28.98877 12.5 10.9 11.6 1.9 1.01 19.2 Cot 2,Mau10a 15 WN7 F
110 266.45393 -28.98382 15.7 14.3 15.0 1.1 0.20 4.7 F
111 266.40061 -28.94403 12.3 10.4 11.1 1.8 0.85 20.0 Mik06 01,Mau10a 9 WN8-9h F
112 266.40753 -28.95450 13.1 10.7 12.0 1.4 0.49 13.8 Cot 6 B[e] F
113 266.39038 -28.96381 14.2 12.2 12.9 1.1 0.19 6.9 F
114 266.38658 -28.93794 12.1 10.7 11.3 1.2 0.21 7.1 Mau10a 8 O4-6I F
115 266.32590 -28.89079 13.8 11.9 12.9 1.1 0.16 5.1 F
116 266.29639 -28.91955 13.0 12.8 12.8 1.1 0.16 6.0 F
117 266.41477 -29.00973 12.7 10.3 11.6 2.9 2.00 20.0 E79 Ofpe/WN9 C
118 266.41443 -29.00881 12.6 1.7 0.79 12.8 E74 WN8 C
119 266.41377 -29.00853 13.5 2.0 1.09 10.6 E81 WN7 C
120 266.41410 -29.00929 13.7 1.8 0.90 10.7 E82 WC8/9 C
121 266.41777 -29.00756 10.0 1.2 0.27 5.2 E39 Ofpe/WN9 C
122 266.41586 -29.00830 11.6 9.1 10.9 1.6 0.68 8.6 E51+E48 WN8+WC9 C
123 266.41728 -29.00458 12.4 2.0 1.08 16.5 E88 WN8/9 C
124 266.41635 -29.00504 13.3 11.5 12.6 1.7 0.74 12.7 E83 WN8/WC9 C
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Source R.A. Decl.
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
125 266.41555 -29.00739 12.7 1.3 0.38 5.8 E56 Ofpe/WN9 C
126 266.41560 -29.00646 14.2 12.0 12.9 1.5 0.60 11.9 E66 WN8 C
127 266.41714 -29.00621 13.0 1.2 0.31 4.7 E71 WC8/9 ? C
128 266.41608 -29.00616 14.3 1.7 0.76 6.3 E68 WC9 C
129 266.41717 -29.00767 10.6 1.2 0.28 5.2 E20 Ofpe/WN9 C
130 266.41777 -29.00814 13.0 2.4 1.49 6.2 E40 WN5/6 C
131 266.41984 -29.00772 13.9 1.8 0.88 7.8 E78 WC9 C
132 266.41774 -29.00936 13.6 11.1 13.0 1.9 0.98 5.4 E65 WN8 C
133 266.40359 -29.02154 16.0 2.1 1.15 5.5 F
134 266.31975 -28.97363 13.1 11.1 12.1 1.8 0.84 13.8 Mau10a 4 WN7-8h F
135 266.32402 -28.97220 16.1 14.1 15.1 1.3 0.33 7.3 F
136 266.36759 -29.05754 14.8 12.7 13.3 1.1 0.16 5.8 F
137 266.31749 -29.05437 9.2a 7.9a 8.3 1.6 0.68 8.7 Muno06 01,Mau10a 3 Ofpe/WN9 F
138 266.33870 -29.13177 14.5 1.1 0.20 6.4 F
139 266.31898 -29.09621 15.4 13.5 14.2 1.1 0.20 6.6 F
140 266.24782 -29.09057 7.6a 7.0a 7.2 1.3 0.35 11.3 Mau10c 1 B0I-B2I F
141 266.28870 -29.13783 15.3 11.7 13.2 1.1 0.18 6.7 F
142 266.33105 -29.17609 15.9 14.8 15.0 1.2 0.22 5.6 F
143 266.34964 -29.17353 16.2 1.3 0.36 5.0 F
144 266.30924 -29.19493 15.6 1.3 0.38 7.1 F
145 266.32051 -29.20505 8.6a 8.0a 8.2 1.1 0.12 4.7 F
146 266.22471 -29.09574 14.6 2.0 1.10 11.2 F
147 266.28741 -29.20498 12.6 11.1 11.6 2.2 1.20 23.4 Mau10a 2 WN7 F
148 266.30920 -29.26002 16.2 14.7 15.5 1.2 0.25 4.7 F
149 266.31115 -29.25314 13.1 12.4 12.8 1.5 0.53 15.0 F
150 266.31271 -29.24339 14.5 12.7 13.7 1.6 0.69 16.5 F
151 266.29083 -29.23696 13.0 11.1 12.1 1.5 0.53 10.6 Mau10c 4 WC9?d F
152 266.24459 -29.25164 15.1 1.2 0.29 4.7 F
1
1Units of R.A. and Decl. are decimal degrees. H and K band magnitudes are mainly from the SIRIUS catalog (Nishiyama et al., 2006), while the
superscript ‘a’ indicates the magnitudes are from the 2MASS catalog (see § 2.5). The ground-based spetroscopically identified counterparts of our
Paschen-α emitting sources and their types are from: Figer et al. (1999a, 2002); Liermann et al. (2009); Martins et al. (2008); Blum et al. (2001);
Cotera et al. (1999); Homeier et al (2003); Muno et al. (2006); Mikles et al. (2006); Mauerhan et al. (2007, 2010a,b,c). The ‘Location’ column divides
the sources into four groups: the sources inside the three clusters (‘Q’: Quintuplet, ‘A’: Arches, ‘C’: Center) and filed sources outside the clusters (‘F’,
see § 2.5)
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Table 4.2: Secondary Paschen-α emitting candidates
Source R.A. Decl. Problem
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location Index
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
1 266.57112 -28.81928 17.0 1.9 0.93 5.1 Q 1
2 266.54507 -28.84973 15.1 1.6 0.68 13.1 F 1
3 266.46006 -28.82544 15.4 1.1 0.24 4.7 FA 5,Blu01 22 WN8-9h F 3
4 266.45999 -28.82534 15.4 1.2 0.26 5.4 FA 5,Blu01 22 WN8-9h F 3
5 266.52087 -28.88455 16.1 1.6 0.64 6.4 F 1
6 266.41235 -28.80568 16.0 1.3 0.36 4.6 F 1
7 266.49792 -28.96117 15.4 1.4 0.45 8.3 F 1
8 266.41772 -28.94261 15.4 1.3 0.38 7.0 F 3
9 266.44740 -28.95131 15.6 1.7 0.73 10.9 F 1
10 266.46068 -28.95709 15.4 1.3 0.33 5.1 Mau10c 19 WC9 F 3
11 266.47456 -29.00668 15.7 1.2 0.30 4.9 F 1
12 266.44583 -28.98711 13.9 1.1 0.16 5.5 F 1
13 266.40510 -28.97124 15.7 1.6 0.69 9.7 F 1
14 266.32141 -28.93775 16.4 1.8 0.89 7.0 F 1
15 266.40384 -29.00604 13.6 2.1 1.14 16.7 F 1
16 266.35968 -29.08454 15.4 1.8 0.85 10.0 F 1
17 266.32775 -29.05249 12.8 1.2 0.27 9.0 F 1
18 266.25504 -29.04298 15.2 1.4 0.49 9.4 F 2
19 266.29735 -29.18157 15.8 1.4 0.40 5.9 F 1
20 266.25443 -29.11684 16.6 1.6 0.69 4.8 F 1
21 266.26418 -29.22752 14.1 1.5 0.51 12.4 F 1
22 266.25012 -29.28868 16.2 1.4 0.43 4.9 F 1
23 266.58636 -28.75999 15.8 1.6 0.69 6.9 F 3
24 266.59539 -28.75383 16.2 1.6 0.71 6.7 F 1
25 266.59311 -28.83139 15.2 1.2 0.21 5.1 F 2
26 266.57431 -28.80947 7.5 1.2 0.23 5.9 F 3
27 266.55059 -28.79384 16.1 1.4 0.45 4.8 F 1
28 266.52266 -28.77663 15.4 1.5 0.51 8.4 F 1
29 266.46738 -28.72721 14.6 1.2 0.25 6.9 F 1
30 266.51357 -28.84118 14.6 1.5 0.56 11.2 F 1
31 266.46091 -28.82198 12.2 1.1 0.19 4.7 FA 27,Blu01 16 A 2
32 266.37506 -28.78707 13.8 1.5 0.53 12.3 F 1
33 266.49000 -28.90671 11.2 1.1 0.17 6.3 F 1
34 266.49732 -28.91171 15.7 1.3 0.40 4.8 F 1
35 266.45853 -28.92780 15.4 1.5 0.53 8.4 F 2
36 266.41042 -28.88971 11.7 1.1 0.17 4.5 F 3
37 266.44453 -28.99359 15.5 1.3 0.32 4.5 F 3
38 266.31580 -28.93428 15.0 1.1 0.16 4.7 F 3
39 266.37321 -28.99285 14.7 1.2 0.29 6.8 F 2
40 266.27703 -29.01534 15.3 1.3 0.37 7.1 F 1
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Source R.A. Decl. Problem
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location Index
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
41 266.28890 -29.03190 15.8 1.9 0.93 10.5 F 1
42 266.33596 -29.13619 15.7 1.5 0.53 6.7 F 1
43 266.26707 -29.09698 16.0 1.6 0.67 6.5 F 1
44 266.27018 -29.11314 13.9 1.1 0.18 4.9 F 3
45 266.26230 -29.17227 15.9 1.4 0.43 6.8 F 1
46 266.61970 -28.77655 17.0 1.7 0.73 3.7 F 1
47 266.62947 -28.77061 13.8 12.2 12.8 1.0 0.08 3.5 F 0
48 266.63499 -28.77076 14.2 13.3 13.7 1.0 0.09 3.6 F 0
49 266.63035 -28.77189 15.5 14.4 14.9 1.0 0.10 3.6 F 0
50 266.60087 -28.75860 11.5 11.1 11.3 1.0 0.09 3.6 F 0
51 266.58243 -28.77181 14.4 14.2 14.3 1.0 0.10 3.8 F 0
52 266.60124 -28.78142 13.1 12.1 12.4 1.0 0.09 3.9 F 0
53 266.62200 -28.79915 15.3 15.2 15.2 1.0 0.11 3.5 F 0
54 266.57011 -28.79874 15.1 14.9 14.8 1.1 0.12 3.7 F 0
55 266.54139 -28.77251 16.0 1.2 0.24 3.7 F 0
56 266.55458 -28.81911 14.4 1.1 0.13 3.8 Q 0
57 266.56037 -28.82746 13.4 11.6 12.5 1.0 0.09 3.6 Lie 54 O7-9 I-II f? Q 0
58 266.54031 -28.86550 15.4 1.1 0.19 4.0 F 1
59 266.50682 -28.83333 14.0 1.1 0.11 3.8 F 0
60 266.40847 -28.76901 16.3 14.6 15.3 1.1 0.15 3.8 F 0
61 266.45859 -28.82313 13.3 11.5 12.1 1.0 0.12 4.5 FA 13,Blu01 31 A 0
62 266.45762 -28.82503 14.9 13.3 14.0 1.0 0.10 3.7 FA 107 F 0
63 266.51118 -28.85685 15.9 1.2 0.30 3.8 F 0
64 266.52091 -28.86852 15.9 14.5 14.9 1.1 0.17 4.5 F 0
65 266.54126 -28.90324 15.8 14.1 14.6 1.1 0.13 3.9 F 0
66 266.41645 -28.81262 16.0 1.2 0.32 3.6 F 1
67 266.37114 -28.82373 16.8 1.5 0.54 4.1 F 0
68 266.38810 -28.82180 14.7 14.7 14.5 1.0 0.10 3.6 F 0
69 266.46735 -28.91708 17.4 14.6 15.0 1.1 0.14 3.9 F 0
70 266.51105 -28.99267 6.4a 6.0a 6.0 1.0 0.09 3.7 F 0
71 266.49376 -28.97168 12.7 12.5 12.6 1.0 0.09 3.6 F 0
72 266.40149 -28.88929 14.8 14.2 14.7 1.0 0.11 3.6 F 0
73 266.37635 -28.86860 13.4 11.9 12.5 1.0 0.10 3.9 F 0
74 266.44592 -28.95423 15.8 1.2 0.28 4.3 F 1
75 266.46293 -28.98092 16.1 1.3 0.39 4.4 F 0
76 266.48508 -28.97955 13.4a 12.7a 13.5 1.0 0.09 3.6 F 0
77 266.47957 -28.98002 15.3a 14.5a 14.4 1.0 0.10 3.5 F 0
78 266.47233 -29.01364 16.7 15.4 15.7 1.1 0.18 4.0 F 0
79 266.48204 -29.02302 16.2 14.3 15.4 1.1 0.17 3.6 F 0
80 266.43484 -29.00002 14.9 1.2 0.24 3.6 F 2
81 266.42083 -28.96982 15.4 1.1 0.18 3.5 F 0
82 266.43805 -28.97761 16.0 1.4 0.46 3.9 F 1
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Source R.A. Decl. Problem
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location Index
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
83 266.38329 -28.95134 14.4 14.4 14.4 1.0 0.11 4.1 F 0
84 266.38153 -28.95012 15.3 15.1 15.2 1.0 0.13 4.0 F 0
85 266.35512 -28.90918 16.2 1.2 0.27 3.6 F 0
86 266.31157 -28.90497 9.5 9.2 9.4 1.0 0.09 3.8 F 0
87 266.38100 -28.99110 16.3 1.2 0.29 3.5 F 0
88 266.43206 -29.04636 12.6 11.3 11.8 1.0 0.10 4.0 F 0
89 266.40635 -29.02650 10.0 9.7 9.7 1.0 0.09 3.5 F 0
90 266.40067 -29.02766 15.2 1.2 0.25 4.2 F 0
91 266.39380 -29.04020 15.5 14.0 14.8 1.1 0.19 4.1 F 0
92 266.41532 -29.03935 8.6a 8.3a 8.5 1.0 0.09 3.7 F 0
93 266.41875 -29.03449 14.2 13.9 14.4 1.0 0.11 3.7 F 0
94 266.37951 -29.01024 15.4 1.2 0.28 4.2 F 1
95 266.29619 -28.96369 10.0 9.8 9.9 1.0 0.09 3.5 F 0
96 266.38314 -29.10544 16.2 1.2 0.22 3.6 F 0
97 266.39968 -29.09183 8.8a 8.5a 8.7 1.0 0.09 3.6 F 0
98 266.30601 -29.01895 16.0 1.2 0.28 4.4 F 0
99 266.29804 -29.04358 14.3 13.8 14.3 1.0 0.10 3.9 F 0
100 266.29195 -29.06206 16.3 1.4 0.43 3.8 F 1
101 266.35120 -29.09667 12.6 12.2 12.3 1.0 0.09 3.7 F 0
102 266.38987 -29.12074 15.2 1.1 0.19 3.7 F 0
103 266.33147 -29.13788 12.8 10.8 11.5 1.0 0.09 3.8 F 0
104 266.33271 -29.12943 14.3 1.1 0.13 4.4 F 0
105 266.31626 -29.10374 15.5 1.1 0.19 3.9 F 2
106 266.33242 -29.11555 15.3 13.5 14.1 1.1 0.11 3.8 F 0
107 266.33594 -29.11435 16.0 1.3 0.33 3.9 F 1
108 266.27558 -29.10560 15.9 1.2 0.24 4.3 F 0
109 266.32970 -29.17216 15.4 14.7 14.7 1.1 0.11 3.5 F 0
110 266.26474 -29.13603 15.3 13.8 14.4 1.1 0.11 3.7 F 0
111 266.29026 -29.19196 15.6 1.1 0.21 4.0 F 0
112 266.23740 -29.19839 15.3 1.1 0.16 3.6 F 0
113 266.23050 -29.19856 17.4 15.1 15.9 1.2 0.23 3.8 F 0
114 266.15797 -29.16740 11.8 10.6 11.0 1.0 0.09 3.7 F 0
115 266.26565 -29.24893 16.2 1.3 0.39 4.5 F 0
116 266.29710 -29.26860 15.6 1.2 0.22 4.2 F 0
117 266.61068 -28.77401 14.1 13.0 13.4 1.0 0.10 4.1 F 0
118 266.63283 -28.77597 11.2 10.7 11.2 1.0 0.10 3.7 F 0
119 266.63634 -28.76893 13.0 12.0 12.5 1.0 0.10 4.1 F 0
120 266.58695 -28.78300 14.1 12.5 13.2 1.0 0.09 3.6 F 0
121 266.60519 -28.78461 13.9 13.7 13.7 1.0 0.12 4.5 F 0
122 266.60899 -28.81798 16.4 2.0 1.04 3.6 F 0
123 266.62481 -28.82561 16.2 14.7 15.1 1.1 0.18 3.7 F 0
124 266.55397 -28.78787 14.6 13.1 13.7 1.1 0.14 3.6 F 0
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ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location Index
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
125 266.50629 -28.73107 13.5 11.7 12.5 1.0 0.10 3.5 F 0
126 266.50137 -28.75974 14.6 1.1 0.13 4.4 F 0
127 266.48354 -28.73089 14.1 1.1 0.16 4.3 F 0
128 266.47761 -28.77630 15.2 14.7 15.2 1.1 0.14 3.6 F 0
129 266.50941 -28.80310 16.1 1.2 0.26 3.8 F 0
130 266.55996 -28.83152 16.9 5.5 4.53 3.8 Q 0
131 266.57831 -28.83012 12.5 11.1 11.8 1.1 0.11 3.9 F 0
132 266.47769 -28.79581 9.5a 7.9a 8.7 1.0 0.12 4.1 F 0
133 266.46318 -28.82305 13.3 11.7 12.4 1.0 0.13 3.6 FA 23,Blu01 2 O4-6I F 0
134 266.45930 -28.82120 13.1 11.7 12.4 1.0 0.10 3.8 FA 22,Blu01 27 O4-6I A 0
135 266.46112 -28.82337 13.1 1.0 0.12 4.1 FA 47 A 0
136 266.50684 -28.85286 16.1 14.7 15.3 1.2 0.24 4.3 F 0
137 266.49781 -28.86983 16.2 1.6 0.63 4.1 F 0
138 266.51972 -28.92703 15.4 1.2 0.22 4.2 F 0
139 266.51018 -28.88714 13.9 1.1 0.13 3.7 F 0
140 266.50676 -28.91239 15.8 1.4 0.50 4.5 F 0
141 266.52558 -28.91151 14.0 1.1 0.11 3.6 F 0
142 266.45463 -28.89033 17.2 1.8 0.93 3.5 F 0
143 266.49235 -28.94004 15.9 1.2 0.23 3.6 F 0
144 266.54233 -28.96240 16.4 1.3 0.38 4.2 F 1
145 266.53275 -28.97921 13.5 12.7 13.0 1.1 0.12 3.9 F 0
146 266.53097 -28.98847 15.1 13.6 14.0 1.1 0.16 3.9 F 0
147 266.49729 -28.97560 15.4 1.0 0.15 3.5 F 0
148 266.47656 -28.94451 6.9a 6.2a 6.4 1.0 0.09 3.6 F 0
149 266.35176 -28.86764 10.2 9.9 10.2 1.0 0.09 3.6 F 0
150 266.34827 -28.87596 13.9 13.5 13.8 1.0 0.10 3.8 F 0
151 266.35103 -28.88436 13.3a 11.1a 14.7 1.0 0.12 3.6 F 0
152 266.37455 -28.90802 12.2 10.8 11.3 1.1 0.11 4.2 F 0
153 266.39766 -28.92007 15.2 13.6 15.0 1.0 0.13 3.7 F 0
154 266.40925 -28.93099 10.2a 10.0a 10.1 1.0 0.09 3.9 F 0
155 266.47375 -28.97749 12.7 1.0 0.10 3.5 F 2
156 266.41055 -28.96760 16.4 1.3 0.39 3.7 F 1
157 266.38881 -28.94577 14.7 1.1 0.15 3.7 F 2
158 266.32543 -28.88945 15.7 14.0 14.9 1.0 0.14 3.7 F 0
159 266.35630 -28.90058 15.8 1.3 0.34 4.2 F 0
160 266.31731 -28.94053 16.3 1.7 0.73 4.1 F 0
161 266.36608 -28.96094 16.6 14.7 15.7 1.1 0.21 3.8 F 0
162 266.41716 -29.00766 10.9 1.3 0.34 4.4 E20 Ofpe/WN9 C 0
163 266.41468 -29.00987 13.1 1.1 0.21 4.0 E79 Ofpe/WN9 C 0
164 266.41688 -29.00749 11.8 9.6 10.7 1.1 0.18 3.6 E19 Ofpe/WN9 C 0
165 266.41718 -29.00808 9.7a 7.0a 10.4 1.2 0.23 4.1 E23 Ofpe/WN9 C 0
166 266.40589 -29.01854 15.8 3.0 2.03 4.4 F 0
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Source R.A. Decl. Problem
ID (J2000.0) (J2000.0) H K mF190N r r-r¯ Ns Counterpart Type Location Index
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
167 266.46015 -29.03160 14.2 1.1 0.14 4.3 F 0
168 266.42288 -29.04927 15.2 13.9 14.4 1.0 0.12 4.1 F 0
169 266.36347 -29.00132 13.0 11.7 12.2 1.1 0.13 4.4 F 0
170 266.28998 -28.96300 14.1 14.3 13.9 1.0 0.10 3.7 F 0
171 266.37991 -29.07801 16.2 1.2 0.28 3.9 F 0
172 266.33615 -29.05066 14.4 1.2 0.22 4.4 F 0
173 266.33671 -29.10024 14.7 13.7 14.5 1.1 0.13 4.2 F 0
174 266.35621 -29.10382 15.6 1.2 0.24 3.6 F 0
175 266.32597 -29.11103 15.2 1.1 0.19 4.3 F 2
176 266.25701 -29.04719 15.0 1.2 0.30 3.7 F 0
177 266.25826 -29.06427 17.0 1.6 0.71 3.6 F 1
178 266.26467 -29.08358 15.8 14.3 14.9 1.1 0.17 3.6 F 0
179 266.32870 -29.16098 16.5 1.4 0.46 3.6 F 1
180 266.32652 -29.16999 15.1 1.2 0.23 4.4 F 0
181 266.31943 -29.18635 14.9 1.1 0.16 3.8 F 0
182 266.30597 -29.16803 15.9 14.2 16.2 1.4 0.41 4.2 F 0
183 266.26768 -29.15742 15.3 13.9 14.7 1.1 0.15 3.7 F 0
184 266.32193 -29.21338 15.7 1.3 0.36 3.7 F 0
185 266.21550 -29.18349 13.1 11.9 12.5 1.1 0.14 3.9 F 0
186 266.19144 -29.19229 14.3 1.0 0.11 3.5 F 0
187 266.24675 -29.23896 16.0 14.4 16.0 1.3 0.36 3.7 F 0
188 266.26815 -29.29092 15.7 1.2 0.22 3.7 F 0
189 266.22312 -29.27025 15.0 1.1 0.16 3.7 F 0
2
2Units of R.A. and Decl. are decimal degrees. H and K band magnitudes are mainly from the SIRIUS catalog (Nishiyama et al., 2006), while the
superscript ’a’ indicates the magnitudes are from the 2MASS catalog (see § 2.5). The ground-based spetroscopically identified counterparts of our
Paα emitting sources and their types are from: Figer et al. (1999a, 2002); Liermann et al. (2009); Martins et al. (2008); Blum et al. (2001); Cotera
et al. (1999); Homeier et al (2003); Muno et al. (2006); Mikles et al. (2006); Mauerhan et al. (2007, 2010a,b,c). The ‘Location’ column divides the
sources into four groups: the sources inside the three clusters (’Q’: Quintuplet, ’A’: Arches, ’C’: Center) and field sources outside the clusters (’F’, see
§ 2.5). The ‘Problem Index’ column definition is defined in § 3.5.5
83
4.3 Preliminary results
Fig. 3.4 shows a panoramic view of our survey data. Clearly, the distribution of
both the stellar light and the diffuse emission is highly inhomogeneous, partly due
to the variations in foreground extinction, which varies strongly from one region to
another and on different spatial scales. The most outstanding extinction features
in Fig. 3.4 are the distinct dark filaments (tendrils) in the field just above Sgr A,
which are also noticeable in published K-band images (e.g., Philipp et al., 1999).
The darkness of these filaments indicates that they are foreground thick dusty clouds
silhouetted against the IR-luminous nuclear region of the Galaxy. The filaments
appear to be structured down to arcsecond scales [or ∼ 1016(d/1kpc) cm, where
d is the distance to such a filament; see the full resolution close-ups in Fig. 4.2].
With our data, we can distinguish between extinction and lack of ionized emission by
comparing the Pα and F190N images – if a region is dark in both images, we can say
with confidence that the dark features indicate regions with extinctions Av > 40−50.
4.3.1 Extended Pα Emission
Fig. 3.4c shows extended Pα-emitting complexes across much of the field. Strong
and distinctive emission features are seen on angular scales from sub-arcsecond to
about 10′, with surface brightness ranging from as high as∼ 10 mJy (milliJansky) arcsec−2
down to a 3σ level of ∼ 0.05 mJy arcsec−2 for the image with the 0.4′′× 0.4′′pixel.
The rms noise of a map depends on its pixel size and is ∼ 0.06 mJy arcsec−2 for the
full resolution image with a pixel size of 0.1′′× 0.1′′, accounting for both statistical and
systematic fluctuations (photon counting, artifacts from stellar continuum subtrac-
tion, etc.). This noise is estimated from selected regions in the Pα map (e.g., at the
upper right corner of the map; see Dong et al., 2011, for details) that show little Pα
emission but are bright in the F190N continuum image (hence the rms contribution
from clumpy structures in the Pα emission or extinction should be minimal). The
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(a)
(b)
(c)
Figure 4.2 A full-resolution (0.1′′pixel) close-up of a newly discovered Pα-emitting
complex (G359.866+0.002), about 5′ northwest of Sgr A*: (a) F187N image, (b)
continuum-subtracted F187N image, and (c) point source removed (diffuse Pα) image.
The intensity is logarithmically scaled over the range of 0.1-30 mJy arcsec−2 in (a)
and 0.1-1 mJy arcsec−2 in (b) and (c).
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overall distribution of the Pα emission is highly lopsided toward the positive Galactic
longitude side of the GC, similar to what is seen in radio and mid-IR (Fig. 1.1).
The diffuse Pα emission is greatly enhanced around the three known clusters
responsible for the ionization of the inner rims of surrounding gas. The emission
around the GC cluster is largely confined within a small spiral-like nuclear structure,
the Pα emission of which was first detected by (Scoville et al., 2003). Our new survey
now enables us to trace the faint emission features to large distances, which extend
vertically below and above this structure (Fig. 4.3a). These features may represent
outflows from the central few parsecs of the galaxy. The bright Pα emission itself
indicates the ionized inner portion of a dusty circumnuclear disk around Sgr A∗. This
disk appears more extended, as traced by the 8 µm emission (Fig. 4.3a). Detailed
analysis/modeling of these structures is needed to further investigate the physical
state of the disk and the energetics of the GC cluster and/or the SMBH, which is
currently in a radiatively inefficient accretion state.
Fig. 4.3b presents a close-up of the Sickle HII region, revealing fingers of ionized
gas resembling the “Pillars of Creation” in M16 (Cotera et al., 2006). These fingers
are apparently illuminated by ionizing photons from hot stars in the Quintuplet clus-
ter (Cotera et al., 2006; Simpson et al., 1997). The Pα-emitting “Arches” around the
Arches cluster shows an amazing array of fine linear structures (Fig. 4.3c), which are
preferentially oriented in the same directions as magnetic field vectors measured in
infrared polarization (Chuss et al., 2003; Nishiyama et al., 2009). Similar organized
narrow linear Pα-emitting features are also abundant in some of the more compact
HII regions seen in Fig. 3.4c. These structures may indicate a critical role that locally
strong magnetic fields play in shaping the morphology and dynamics of the ionized
gas (e.g., Nishiyama et al., 2009)
Fig. 4.4 shows a selection of compact Pα-emitting nebulae. Some of these enig-
matic nebulae may represent individual massive stars in formation (e.g., first row in
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(a) (b)
(c)
Outflows?
Figure 4.3 Close-ups of the Pα-emitting features: (a) the central region around Sgr A*,
with overlaid IRAC 8µm intensity contours at 1,3,10, and 30 ×103 mJy sr−2; (b) the
Sickle nebula (G0.18-0.04; e.g., Lang et al. (1997)); (c) thermal Arched filaments (e.g.,
Lang et al., 2001). All are projected in the Galactic coordinates.
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G0.098−0.050 G−0.014−0.011 G−0.280−0.106
G−0.240−0.082G−0.133−0.045G0.120−0.048Pistol Nebula
SgrA  D
H3 H4 SgrA A−B SgrA C
Figure 4.4 Close-ups of Pα images of selected individual nebulae (equatorially pro-
jected). Detected sources have been subtracted, except for identified bright Pα emis-
sion star candidates, which help to show their potential relationship to the corre-
sponding nebulae. The nebulae are labeled with rough Galactic coordinates, except
for those with well-known names. The bar in each panel marks a 0.2 pc scale at the
GC distance.
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Fig. 4.4), whereas others may be due to stellar ejecta and/or their interaction with
dense ambient medium (second and third rows).
4.3.2 Point-like sources
The survey also enables us to perform an unprecedentedly uniform, high reso-
lution, photometrically sensitive census of the stellar population. Our preliminary
detection based on the F190N continuum image gives a total of about 0.6 million
point-like sources, which accounts for about 86% of the total observed F190N inten-
sity in the survey field. This is the highest ratio of resolved point sources to continuum
emission achieved to date in the very crowded GC field (e.g., Figs. 3.4a and 4.2a).
The median of the unresolved intensity is ∼ 0.04 mJy arcsec−2, averaged over the
surveyed field.
The data alone is typically insufficient for the study of individual stars. Fig. 4.5
shows the 1.90 µmmagnitude distribution of our detected sources. We further roughly
group these sources into the ‘foreground’ (AF190N < 1.8 inferred from their individual
F187N to F190N flux ratios) and ‘background’ (AF190N> 4.7) as well as ‘GC’ com-
ponents (1.8<AF190N< 4.7). The extinction range adopted for the GC component
approximately corresponds to 20<AV<50, which is the same as that estimated for the
ionized gas within Sgr A West by Scoville et al. (2003), who adopted the extinction
law of Rieke (1999). The total source numbers are 1.4×105, 1.2×105 and 3.1×105
in the ‘foreground’, ‘background’, and ‘GC’ components, respectively. This grouping
is not meant to be precise, particularly in the consideration of the closeness of the
two narrow bands used to infer the extinction and the uncertainty in the photom-
etry. Nevertheless, the components show distinct characteristics in their magnitude
distributions, as shown in Fig. 4.5. The magnitude distributions of the ‘foreground’
and ‘background’ components peak at ∼ 17th mag, which is mostly due to the de-
creasing detection fraction toward the fainter end. In contrast, the distribution of
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the ‘GC’ component peaks at 15.80±0.01, which is far too bright to be due to the
source detection limit variation (as demonstrated in Fig. 4.5b). We fit a gaussian
distribution to this peak and obtain a width of 0.67 magnitude, which cannot be ex-
plained by the photometric uncertainties of the sources within this magnitude range
(δmF190N ∼ 0.04). For a prominant old stellar population (>2 Gyr) as expected
in the GC, the most probable explanation for the peak is the presence of the RC
stars, which represent a concentration in the color magnitude diagram (Grocholski &
Sarajedini, 2002).
(a) (b)
Figure 4.5 1.90 µm magnitude distributions : (a) all sources (solid line) and only
those in the color ranges AK < 2 (dotted), 2 < AK <5 (dashed), and AK > 5 (dash
dot); (b) The same as (a), but approximately corrected for the detection limit.
Here we check how this RC explanation is consistent with the peak of the 1.9
µm magnitude distribution of the GC stars, depending on the specific extinction law
assumed (see also § 3.5.4). The Padova stellar evolutionary tracks show that the
RC peak is located at MF190N = −1.55 for a 2 Gyr old stellar population with the
solar metallicity. We adopted the same distance modulus, 14.52±0.04, as useed by
Scho¨del et al. (2010). The typical extinction toward the GC in F190N is 2.92±0.01,
as obtained in § 4.2, assuming the extinction law of Nishiyama et al. (2009). Fig. 13
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compares the model and observed magnitude distributions. The RC peak locations of
the model (15.89±0.44) and observations are consistent with each other. In contrast,
the RC peak locations predicted from assuming other extinction laws seem to less
consistent with the observed one (16.74±0.51, Rieke 1999; 15.63±0.41, Scho¨del et
al. 2010; 15.16±0.35, Gosling et al. 2009). The uncertainties in the peak location
of these models are derived from the Eqn. 3 by using 1% systematic error of the
F187N to F190N flux ratio (see § 3.5.3). Therefore, we can see that the Nishiyama’s
extinction law best matches our data.
Fig. 4.6 further compares the GC F190N magnitude contours with stellar evolution
tracks, which are obtained from Girardi et al. (2000) for masses in the range of 0.15-7
M⊙ and from Bressan et al. (1993) and Fagotto et al. (1994a,b) for 9-120 M⊙. In
the calculation of the F190N magnitude contours, we have used the line-blanketed
stellar atmosphere spectra from ATLAS 9 model (Castelli et al., 1997, and references
therein). It is clear that the majority of the GC sources with the limiting magnitudes
as discussed in § 3.5.2 should be mostly evolved low-mass stars, although a significant
population can be MS stars with masses ∼> 5 (or typically 7) M⊙ (i.e. stellar type
earlier than B5 or B3).
The ‘background’ and ‘foreground’ components mostly represent the integrated
stellar populations along the line of sight in the field. With even larger extinctions
and distances than the GC stars, ‘background’ stars should also be mostly evolved
(hence intrinsically bright) stars. In comparison, the ‘foreground’ component is likely
a mixture of MS and more evolved stars. In particular, the ‘foreground’ distribution
shows a knee structure between 15th and 16th mag, which is on the fainter side of
the red clump peak. The fainter stars in this structure should mostly be MS and/or
subgiants in the foreground Galactic disk.
In Chapter 3, we found 152 PESs. Since normal stars in the MS is characterized
by various absorption lines, these sources are potential EMS candidates with strong
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Figure 4.6 1.90 µm magnitude (black dashed lines) contours overlaid on the Padova
model stellar evolutionary tracks (black solid lines).
optically thin stellar wind. In the next Chapter, we will study their properties with
multi-wavelength observations and use them to infer the current star formation mode
and history within the GC.
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CHAPTER 5
MULTIWAVELENGTH STUDY OF EVOLVED MASSIVE
STARS IN THE GALACTIC CENTER
5.1 Abstract
We have conducted a multi-wavelength data analysis of 180 potential EMSs within
the GC, most of which have extra emission at 1.87 µm, plus additional 14 WRs
identified in earlier ground-based spectroscopic observations in the same field. The
multi-wavelength data include the broad-band infrared (IR) photometry measure-
ments from HST/NIC2, SIRIUS, 2MASS, Spitzer/IRAC, and Chandra. We correct
for extinction toward individual stars, improve the Paschen-α line equivalent width
(EW) measurement, quantify the substantial mid-IR dust emission associated with
WC stars, and find X-ray counterparts. In the process, we find 10 foreground stars,
some of which may be nearby cataclysm variables. Nearly half of the Galactic center
evolved stars are located outside the three known massive stellar clusters. We find
that the magnitude distribution of these field stars shows two peaks: one of them is
located between the distribution peaks of the three clusters and indicates an inter-
mediate age, while the other is considerably fainter, probably due to an older (∼ 107
yrs) generation of star formation. In generally, the WNLs, WCs and OB supergiants
roughly fall into three distinct regions in an EW-magnitude plot, which suggests that
most of WRs within the GC should have been detected, except for some WCs, which
may be heavily obscured by their own dust cocoons. Most of the EMSs do not seem
to originate from these clusters and should represent remnant of old star clusters or
young small stellar clusters/groups. The latter ones could indicate a different star
formation mode within the GC, compared to the three massive clusters.
93
5.2 Introducton
Stellar evolution theories, though with significant uncertainties, suggest that there
are several stages which massive stars with an initial mass ∼> 25M⊙ (the exact mass
depends on the local metallicity) should go through between leaving the MS and
exploding as a supernova: O (MS) → OB supergiant → LBV(?) or Ofpe/WN9 (i.e.
WN10-11) → WN → WC → SNIb/SNIc; the exact evolution path depends on the
initial stellar mass and metallicity (e.g., (Crowther, 2007)). WN and WC represent
two classes of Wolf Rayet stars: the spectrum of a WN star is characaterized by
strong emission lines of nitrogen (NIII-V to HeI-II, whereas a WC star exhibits strong
carbon lines (CIIIIV). These two classes are further divided into early (WN2-5: WNE
and WC4-6: WCE) and late (WN7-9: WNL and WC7-9: WCL) types. The WCL
and WNL types seem to prefer high metallicity environment (Hadfield et al., 2005).
The emission lines are believed to arise from optically-thin stellar winds, which can
also produce a flat free-free continuum strong enough to flatten the stellar spectral
shape in the mid-IR (Wright & Barlow, 1975). In addition, significant dust emission
is often found around WCs and makes them very red in the mid-IR (e.g., (Tuthill et
al., 2006)). The spectra of Ofpe/WN9 stars are similar to those of OB supergiants,
but show strong HeII(4696A˙) emission lines. Ofpe/WN9 stars probably represent
a transion phase between OB supergiants and WNs (Bohannan & Crowther, 1999).
Stars in the LBV phase is also considered to be earlier than the WN phase and are
experiencing sporadic giant eruptive activities. LBV stars are much rarier than WNs;
thus the LBV phase should be very short. Much is yet to be learned to quantify the
feedback from these classes of evolved massive stars (EMS) as well as their evolution
and relative populations.
Existing studies of EMSs are very much limited by small sample sizes. Because of
their short lifetimes, EMSs are found abundant only in starburst regions. However,
even in nearby nuclear starburst galaxies such as M83 (Hadfield et al., 2005), such
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regions cannot be adequately resolved to identify individual EMSs, especially if they
are in compact massive stellar clusters. Local Group galaxies, other than the Milky
Way, are mostly in relatively quienscent states; large samples of EMSs have to be
collected from diverse regions of different star formation histories and environments.
Such samples are not suitable for a statistical study of EMSs (e.g., to determine their
evolution dependence on stellar initial mass and metallicity). In the galaxies of local
group with available observations of WR, besides the GC, only M31 has super-solar
metallicity, but low star formation rate and therefore few WR stars (48, see Massey,
2003).
5.3 Sample Selection, Multiwavelength Observations, and Data
Reduction
5.3.1 Sample Selection
Table 5.1 lists 180 sources included in the present study. 152 of them are drawn
from the so-called Paschen-α-emitting sources (PESs) uniformally identified in our
HST/NICMOS survey Dong et al. (2011, , see also § 3.5.5). The identifications are
based on the unusually large flux ratios (r = f1.87 µm
f1.90 µm
) of these sources. For evolved
low mass stars, which dominate the GC in a near-IR survey, this ratio is insensitive to
the exact stellar types (< 1%) and should instead trace foreground extinction (Dong
et al., 2011). Indeed, we have constructed a high-resolution foreground extinction
map based on the local median-averaged flux ratios (r¯). The identified PESs all
have the flux ratios (r) significantly larger than the averaged flux ratio: i.e., Ns ≡
r−r
σtot
≥ 4.5, where σtot includes both statistic and photometric uncertainties of the
ratio measurements. This represents the most complete and uniform survey of PESs
(or the EMS candidates) in the GC.
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Table 5.1: Paschen-α emitting sources catalog
Name R.A. Dec. Magnitude Ac Counterpart Type Location
(J2000) (J2000) J H K [1.87] [1.9] [3.6] [8.0]
P1 266.62478 -28.78001 13.4 12.8 12.6 12.5 12.6 0.6 F
P2 266.59921 -28.80299 16.3 13.3 11.4 11.1 12.1 9.9 8.2 2.9 Mau10c 17 WN5b F
P3 266.51501 -28.78606 17.5 14.1 12.3 12.9 13.0 10.5 3.4 F
P4 266.55606 -28.81641 14.6 11.5 9.8 10.2 10.5 8.4 3.2 FQ 381 OBI Q
P5 266.55408 -28.82014 17.5 14.4 12.5 13.6 13.8 3.1 Q
P6 266.56301 -28.82693 13.5 10.4 8.6 9.1 9.6 7.3 3.0 Lie 71,FQ 241 WN9 Q
P7 266.56643 -28.82714 14.2 11.0 9.2 9.7 10.2 7.7 3.1 Lie 67,FQ 240 WN9 Q
P8 266.56293 -28.82480 14.1 11.1 9.4 10.0 10.2 3.1 Lie 110,FQ 270S O6-8 I f (Of/WN?) Q
P9 266.56312 -28.82568 14.3 11.2 9.5 10.2 10.3 7.5 3.1 Lie 96,Mau10a 19 O6-8 I f e Q
P10 266.56304 -28.82631 14.5 11.4 9.6 10.4 10.6 3.1 Lie 77,FQ 278 O6-8 I f eq Q
P11 266.56896 -28.82547 14.6 11.7 10.0 10.5 10.9 9.1 2.8 Lie 99,FQ 256 WN9 Q
P12 266.56323 -28.82821 16.2 13.1 11.2 11.0 12.2 3.0 Lie 34 WC8 Q
P13 266.56316 -28.82761 16.2 13.2 11.2 11.3 12.2 3.0 Lie 47 WC8 Q
P14 266.58167 -28.83606 14.9 15.2 3.1b F
P15 266.51338 -28.81622 13.2 11.7 12.3 12.4 2.6 F
P16 266.47853 -28.78699 14.6 13.1 13.4 13.6 2.5 F
P17 266.46028 -28.82543 15.8 12.4 10.4 10.7 11.5 9.0 7.9 3.3 FA 5,Blu01 22 WN8-9h F
P18 266.45712 -28.82372 16.9 13.1 10.8 11.3 11.9 3.8 FA 2,Mau10a 11 WN8-9h A
P19 266.45255 -28.82840 13.6 11.1 11.3 12.1 9.2 7.7 4.1 Mau10c 11 WN8-9h F
P20 266.45865 -28.82393 16.4 12.9 10.9 11.7 11.9 3.6 FA 10,Blu01 30 O4-6If A
P21 266.45895 -28.82411 17.2 13.7 11.6 12.4 12.6 3.5 FA 17,Blu01 29 A
P22 266.47249 -28.82693 15.4 12.5 11.0 11.3 11.6 2.8 Mau10c 12 WN8-9h F
P23 266.54169 -28.92566 15.0 12.3 10.8 11.1 11.4 9.7 2.7 Mau10c 15 WN8-9h F
P24 266.50251 -28.90761 15.2 13.6 14.7 14.9 2.7 F
P25 266.49295 -28.87223 14.1 14.4 10.3 8.5 3.4b F
P26 266.49541 -28.89392 15.5 13.6 15.3 15.7 3.2 F
P27 266.48141 -28.90196 16.2 15.3 14.9 15.3 1.5 F
P28 266.49067 -28.91267 16.3 13.4 11.4 11.5 12.2 9.8 9.0 2.8 Ho2 WC8-9 F
P29 266.53998 -28.95375 16.5 14.4 14.8 14.9 3.6 F
P30 266.53377 -28.97338 16.8 12.6 10.5 10.8 11.0 4.2 F
P31 266.52612 -28.98747 13.6 11.7 12.2 12.3 10.4 3.2 F
P32 266.37803 -28.87674 16.6 17.1 4.7b F
P33 266.33953 -28.86082 14.0 14.2 4.2b F
P34 266.46061 -28.95726 15.8 12.9 11.3 11.0 12.0 9.5 2.9 Mau10c 19 WC9 F
P35 266.36926 -28.93473 14.5 11.5 9.7 10.2 10.6 6.6 1.4 3.1 Cot 4,Mau10a 7 Of F
P36 266.38126 -28.95466 15.1 12.7 11.4 11.7 11.8 2.5 Mau10c 6 O4-6I F
P37 266.44762 -29.04884 14.9 15.1 3.0b F
P38 266.40831 -29.02624 11.1a 9.6a 8.9a 9.0 9.1 8.2 1.6 Mau10c 7 O4-6I F
P39 266.34458 -28.97893 15.2 12.2 12.5 13.4 4.7 Mau10a 6 WN5-6b F
P40 266.35029 -29.01633 13.0a 10.3a 8.8a 9.6 9.7 6.9 5.2 2.8 Mau10c 5 B0I-B2I F
P41 266.40788 -29.10817 16.0 13.1 11.5 12.0 12.1 10.5 9.5 2.9 F
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Name R.A. Dec. Magnitude Ac Counterpart Type Location
(J2000) (J2000) J H K [1.87] [1.9] [3.6] [8.0]
P42 266.38541 -29.08277 14.6 12.0 12.3 13.0 10.5 9.4 4.1 Mau10c 8 WC9 F
P43 266.30814 -29.07728 15.2 13.6 15.3 15.6 2.7 F
P44 266.25555 -29.04208 14.8 11.9 12.9 13.1 8.7 6.7 4.9 F
P45 266.25250 -29.10650 16.6 14.8 15.5 15.8 3.0 F
P46 266.28706 -29.11563 14.9 13.3 13.6 13.9 10.5 2.8 F
P47 266.31271 -29.15230 14.7 14.9 3.0b F
P48 266.34449 -29.18235 15.4 15.7 3.3b F
P49 266.34120 -29.19988 14.7 12.7 12.6 13.4 11.4 3.0 Mau10c 3 WC9 F
P50 266.26206 -29.14994 13.9a 11.4a 9.9a 10.4 10.6 8.6 2.6 Mau10a 1 O9I-B0I F
P51 266.26160 -29.13144 16.1 14.5 14.4 14.6 2.7 F
P52 266.22865 -29.11919 16.6 14.8 14.9 15.1 3.0 F
P53 266.27944 -29.20018 16.8 13.5 11.1 11.7 12.1 7.7 3.3 Mau10c 2 WC9?d F
P54 266.24580 -29.22798 15.9 13.8 14.2 15.0 11.9 3.7 F
P55 266.24935 -29.26869 14.8a 12.6a 11.9a 14.5 14.6 2.2 F
P56 266.61499 -28.76995 14.4 11.3 9.5 9.9 10.2 3.1 Mau10c 18 OI F
P57 266.62457 -28.77776 14.7 12.6 13.2 13.6 10.9 3.5 F
P58 266.63270 -28.77975 14.3 12.6 11.6 11.6 11.9 1.7 F
P59 266.57304 -28.82467 15.1 12.2 10.4 10.6 11.0 9.1 2.9 FQ 274 WN9 Q
P60 266.57294 -28.82181 16.3 13.2 11.2 11.3 12.2 10.1 3.0 FQ 309 WC8 Q
P61 266.48245 -28.74278 15.0 13.3 13.7 14.0 2.9 F
P62 266.55855 -28.82124 15.5 12.3 10.4 10.4 11.3 8.9 7.0 3.1 Lie 158,FQ 320 WN9 Q
P63 266.55437 -28.82364 16.3 12.9 10.5 11.1 11.5 8.2 3.3 Ho3 WC8-9 Q
P64 266.54641 -28.81830 16.3 13.4 11.6 11.3 12.3 2.9 FQ 353E WN6 F
P65 266.55773 -28.81403 15.8 12.7 10.9 11.5 11.7 9.5 3.1 FQ 406 Q
P66 266.56483 -28.83833 16.2 13.2 11.2 11.4 12.2 9.0 5.9 3.0 FQ 76 WC9 Q
P67 266.56301 -28.83910 19.5 16.4 14.5 15.3 15.6 3.1 Q
P68 266.56352 -28.83428 12.0 8.9 7.5 7.1 7.3 5.6 4.7 3.1 FQ 134 LBV Q
P69 266.56452 -28.82226 13.7 10.6 8.9 9.8 9.9 8.0 7.4 3.1 Lie 146,FQ 307 O6-8 I f? Q
P70 266.56973 -28.83090 14.6 11.7 10.0 10.9 11.0 9.1 3.0 Lie 1 O3-8 I fe Q
P71 266.55895 -28.82645 16.3 12.9 10.5 11.1 11.5 3.4 Lie 76 WC9d Q
P72 266.56676 -28.82268 15.3 12.2 10.4 11.2 11.3 9.4 3.2 Lie 143,FQ 301 O7-B0 I Q
P73 266.56173 -28.83344 16.8 13.1 10.5 11.7 11.9 8.1 3.6 FQ 151 WC8 Q
P74 266.55722 -28.82803 19.3 16.2 14.5 14.8 15.2 3.1 Q
P75 266.57118 -28.85862 15.0 12.1 10.5 11.0 11.3 2.9 M07 2,Mau10a 22 O6If+ F
P76 266.58645 -28.87528 15.6 13.7 12.6 13.0 13.1 1.9 F
P77 266.57310 -28.88431 15.0 12.1 10.5 10.7 11.1 9.2 8.5 2.9 Mau10c 16 WN8-9h F
P78 266.45091 -28.79055 14.6 12.7 13.5 13.6 10.7 3.2 F
P79 266.46449 -28.82372 16.6 13.1 11.0 11.3 11.8 9.7 3.5 Blu01 1 WN7 F
P80 266.46014 -28.82276 15.0 11.7 9.8 9.9 10.7 6.1 3.2 FA 6,Mau10a 13 WN8-9h A
P81 266.46075 -28.82145 14.9 11.8 9.9 10.0 10.9 7.6 6.8 3.0 FA 4,Blu01 17 WN7-8h A
P82 266.46182 -28.82389 15.2 11.9 10.0 10.2 11.0 8.3 7.5 3.2 FA 3,Blu01 3 WN8-9h A
P83 266.46035 -28.82199 14.9 11.8 9.9 10.2 10.9 3.1 FA 7,Mau10a 14 WN8-9h A
P84 266.46001 -28.82246 15.4 12.2 10.2 10.3 11.1 3.2 FA 8,Blu01 24 WN8-9h A
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Name R.A. Dec. Magnitude Ac Counterpart Type Location
(J2000) (J2000) J H K [1.87] [1.9] [3.6] [8.0]
P85 266.45925 -28.82274 15.5 12.1 10.1 10.4 11.0 3.3 FA 1,Blu01 28 WN8-9h A
P86 266.45948 -28.81983 15.2 12.0 10.3 10.9 11.3 9.2 3.1 FA 9,Mau10a 12 WN8-9h A
P87 266.45954 -28.82136 15.7 12.5 10.6 10.9 11.6 3.2 FA 12,Blu01 25 WN7-8h A
P88 266.46121 -28.82284 15.5 12.5 10.7 11.1 11.7 3.0 FA 14,Blu01 12 WN8-9h A
P89 266.46151 -28.82118 15.3 12.3 10.7 11.4 11.6 3.0 FA 15,Blu01 8 O4-6If A
P90 266.46057 -28.82231 15.7 12.6 10.8 11.3 11.8 3.0 FA 16,Blu01 19 WN8-9h A
P91 266.48072 -28.85726 15.4 12.5 11.0 10.5 11.5 9.4 2.8 M07 1,Mau10a 16 WN5-6b F
P92 266.52345 -28.85881 12.5a 9.2a 7.5a 7.1 7.4 3.3 Mau10b LBV F
P93 266.51671 -28.89814 15.3 15.6 3.0b F
P94 266.51080 -28.90388 16.4 13.5 11.6 11.5 12.5 9.9 2.9 Mau10c 14 WC9 F
P95 266.49765 -28.88075 14.9 12.1 10.5 11.1 11.2 9.6 9.8 2.8 F
P96 266.45238 -28.83491 17.6 13.3 11.0 11.0 11.8 9.1 7.7 4.2 Cot 1 Ofpe/WN9 F
P97 266.44891 -28.84692 15.1a 12.2a 10.7a 11.3 11.5 9.5 2.9 F
P98 266.42197 -28.86325 14.8 11.6 9.9 10.4 10.6 8.6 7.6 3.3 Mau10c 9 O4-6If+ F
P99 266.41118 -28.86958 16.4 13.9 14.3 15.1 4.2 F
P100 266.42634 -28.87976 14.7 11.7 10.1 10.5 10.9 8.5 4.6 3.1 Mau10c 10 O4-6If+ F
P101 266.42704 -28.88140 16.3 13.2 11.2 11.3 12.1 9.4 3.0 Ho1 WC8-9 F
P102 266.43349 -28.88800 15.0 13.3 12.4 12.5 12.8 1.8 F
P103 266.50689 -28.92091 13.4 10.7 9.1 9.4 9.7 7.6 5.6 2.8 Mau10c 13 OI F
P104 266.53042 -28.95485 15.9 16.3 3.2b F
P105 266.47070 -28.92692 14.9 13.4 13.8 14.0 2.7 F
P106 266.46776 -28.94615 16.1 14.5 14.4 14.7 2.7 F
P107 266.41391 -28.88919 14.7 11.8 10.2 10.5 10.9 8.9 3.0 Cot 5 B[e] F
P108 266.44602 -28.94612 15.5 14.0 14.4 14.7 2.5 F
P109 266.46088 -28.98877 15.4 12.5 10.9 10.8 11.6 9.6 7.9 2.9 Cot 2,Mau10a 15 WN7 F
P110 266.45393 -28.98382 15.7 14.3 14.8 15.0 2.3 F
P111 266.40061 -28.94403 15.6 12.3 10.4 10.4 11.1 8.8 7.8 3.2 Mik06 01,Mau10a 9 WN8-9h F
P112 266.40753 -28.95450 13.1 10.7 11.6 12.0 7.8 5.1 4.3 Cot 6 B[e] F
P113 266.39038 -28.96381 14.2 12.2 12.8 12.9 3.4 F
P114 266.38658 -28.93794 14.7 12.1 10.7 11.2 11.3 2.6 Mau10a 8 O4-6I F
P115 266.32590 -28.89079 16.4 13.8 11.9 12.7 12.9 8.9 6.2 2.6 F
P116 266.29639 -28.91955 13.7 13.0 12.8 12.7 12.8 0.6 F
P117 266.41477 -29.00973 12.7 10.6 10.8 12.1 3.5 E79 Ofpe/WN9 C
P118 266.41443 -29.00881 13.5 11.4 12.1 12.8 3.4 E74 WN8 C
P119 266.41377 -29.00853 14.4 12.2 12.6 13.5 3.7 E81 WN7 C
P120 266.41410 -29.00929 14.7 12.8 13.3 13.9 2.7 E82 WC8/9 C
P121 266.41777 -29.00756 13.9 10.8 8.8 10.0 10.1 2.9 E39 Ofpe/WN9 C
P122a 266.41584 -29.00829 15.8 12.7 10.5 11.3 12.0 5.6 3.0 E51 WN8 C
P122b 266.41583 -29.00821 13.8 11.1 12.1 12.9 4.2 E48 WC9 C
P123 266.41728 -29.00458 16.6 13.5 11.4 11.6 12.4 3.0 E88 WN8/9 C
P124 266.41635 -29.00504 16.7 13.7 11.7 12.3 12.9 2.9 E83 WN8/WC9 C
P125 266.41555 -29.00739 19.3 14.7 11.5 13.7 13.9 4.5 E56 Ofpe/WN9 C
P126 266.41560 -29.00646 17.3 14.2 12.2 12.8 13.3 3.0 E66 WN8 C
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(J2000) (J2000) J H K [1.87] [1.9] [3.6] [8.0]
P127 266.41714 -29.00621 17.4 14.1 11.4 12.7 13.0 3.1 E71 WC8/9 ? C
P128 266.41608 -29.00616 18.7 15.4 13.1 13.9 14.5 3.2 E68 WC9 C
P129 266.41717 -29.00767 14.9 11.7 9.6 10.8 11.1 3.1 E20 Ofpe/WN9 C
P130 266.41777 -29.00814 17.9 14.1 11.7 12.3 13.3 3.7 E40 WN5/6 C
P131 266.41984 -29.00772 17.7 14.7 12.8 13.2 13.8 3.1 E78 WC9 C
P132 266.41774 -29.00936 17.3 14.2 12.0 12.5 13.2 3.0 E65 WN8 C
P133 266.40359 -29.02154 15.1 16.0 5.8 3.9b F
P134 266.31975 -28.97363 16.7 13.1 11.1 11.4 12.1 9.4 7.4 3.5 Mau10a 4 WN7-8h F
P135 266.32402 -28.97220 16.1 14.1 14.8 15.1 3.5 F
P136 266.36759 -29.05754 14.8 12.7 13.2 13.3 11.0 9.3 3.7 F
P137 266.31749 -29.05437 11.5a 9.2a 7.9a 7.7 8.3 6.8 5.8 2.2 Muno06 01,Mau10a 3 Ofpe/WN9 F
P138 266.33870 -29.13177 14.3 14.5 3.0b F
P139 266.31898 -29.09621 15.4 13.5 14.0 14.2 3.2 F
P140 266.24782 -29.09057 8.7a 7.6a 7.0a 6.9 7.2 6.5 6.0 1.2 Mau10c 1 B0I-B2I F
P141 266.28870 -29.13783 15.3 11.7 13.0 13.2 7.6 5.0 6.3 F
P142 266.33105 -29.17609 15.9 14.8 14.8 15.0 1.8 F
P143 266.34964 -29.17353 15.8 16.2 3.5b F
P144 266.30924 -29.19493 15.3 15.6 3.2b F
P145 266.32051 -29.20505 9.9a 8.6a 8.0a 8.1 8.2 7.4 7.1 1.3 F
P146 266.22471 -29.09574 13.8 14.6 3.2b F
P147 266.28741 -29.20498 15.1 12.6 11.1 10.8 11.6 2.5 Mau10a 2 WN7 F
P148 266.30920 -29.26002 16.2 14.7 15.2 15.5 2.5 F
P149 266.31115 -29.25314 14.1 13.1 12.4 12.4 12.8 1.0 F
P150 266.31271 -29.24339 14.5 12.7 13.1 13.7 11.4 3.1 F
P151 266.29083 -29.23696 15.6 13.0 11.1 11.6 12.1 9.4 8.0 2.5 Mau10c 4 WC9?d F
P152 266.24459 -29.25164 14.9 15.1 3.0b F
P153 266.45859 -28.82313 16.7 13.3 11.3 12.1 12.2 3.4 FA 13,Blu01 31 A
P154 266.46092 -28.82199 16.3 13.2 11.5 12.2 12.5 3.1 FA 27,Blu01 16 A
P155 266.45930 -28.82120 16.6 13.4 11.6 12.5 12.6 3.3 FA 22,Blu01 27 O4-6I A
P156 266.41716 -29.00808 14.8 11.9 9.9 10.9 11.3 2.8 E23 Ofpe/WN9 C
P157 266.41684 -29.00747 14.9 12.1 10.1 11.1 11.2 2.7 E19 Ofpe/WN9 C
P158 266.41704 -29.00868 15.6 12.1 10.0 11.1 11.3 3.4 E41 Ofpe/WN9 C
P159 266.41545 -29.00827 17.8 14.4 12.2 13.4 13.9 3.4 E60 WN7? C
P160 266.41757 -29.00789 14.6 12.7 13.6 13.9 3.6 E27 O9.5-B0.5 I C
P161 266.41823 -29.00643 18.6 15.0 12.7 13.4 14.0 3.5 E70 Ofpe/WN9 C
P162 266.41644 -29.00608 13.3 14.3 4.8b C
P163 266.41820 -29.01005 15.3 13.1 13.7 14.2 3.4 E76 WC9 C
P164 266.41566 -29.00701 18.9 15.4 13.0 14.2 14.5 3.4 E61 WN7 C
P165 266.41777 -29.00685 18.5 15.5 13.1 14.1 14.6 3.0 E59 WC9 C
MP1 266.56614 -28.82928 14.9a 10.4a 7.2a 8.7 8.6 3.5 1.0 4.4 Lie 19,FQ 211,Mau1 WC8/9d +OB Q
MP2 266.56131 -28.82795 13.7 9.5 6.5 7.8 7.7 3.2 0.3 4.1 Lie 42,FQ 231,Mau1 WC9d + OB Q
MP3 266.55892 -28.82683 15.8 11.2 8.0 9.5 9.4 3.9 1.0 4.5 Lie 75,FQ 243 WC9?d Q
MP4 266.56418 -28.82624 15.9 12.1 9.5 10.5 10.5 6.8 5.2 3.8 Lie 79,FQ 250 WC9d Q
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MP5 266.56167 -28.82616 15.0 10.9 7.9 9.3 9.2 4.7 2.3 4.1 Lie 84,FQ 251 WC9d Q
MP6 266.55970 -28.82537 18.0 13.3 9.5 10.8 10.7 4.5 0.8 4.6 Lie 102,FQ 258 WC9?d Q
MP7 266.41633 -29.00742 18.9 13.2 9.9 12.2 12.1 5.6 E31 WC9 C
MP8 266.41742 -29.00814 17.4 13.6 10.8 12.5 12.5 3.8 E32 WC8/9 C
MP9 266.41654 -29.00724 18.7 14.6 11.7 13.5 13.5 4.0 E35 WC8/9 C
MP10 266.41609 -29.00676 15.3 11.1 13.7 13.6 6.4 E58 WC5/6 C
MP11 266.41898 -29.00796 18.8 15.6 13.6 14.9 14.7 3.1 E72 WC9? C
MP12 266.41862 -29.01009 13.8 11.5 12.4 12.7 3.5 E80 WC9 C
MP13 266.32978 -29.05614 13.7 10.4 10.7 10.8 7.6 6.9 5.3 Mau10a 5 WC9d F
MP14 266.57427 -28.83530 14.0a 10.4a 7.8a 9.2 9.2 5.5 3.6 3.6 Mau10a 23 WC9d F
1
1Units of R.A. and Decl. are decimal degrees. J, H and K band magnitudes are mainly from the SIRIUS catalog (Nishiyama et al., 2006), while
the superscript ‘a’ indicates the magnitudes are from the 2MASS catalog (see § 5.3.2). Ac is the extinction in 1.90µm (see § 3.5.4). The superscript ‘b’
means that the extinction is from the ratio map in Dong et al. (2011) , instead of the near-IR colors (see § 3.5.4). The ground-based spetroscopically
identified counterparts of our Paschen-α emitting sources and their types are from: (Figer et al., 1999a, 2002; Liermann et al., 2009; Martins et al.,
2008; Blum et al., 2001; Cotera et al., 1999; Homeier et al, 2003; Muno et al., 2006; Mikles et al., 2006; Mauerhan et al., 2007, 2010a,b,c). If one PES
has different identifications in the references, we prefer the stellar types in the latest reference, except for P6 and P7, which we follow Figer et al.
(1999a), insteand of Liermann et al. (2009). The ‘Location’ column divides the sources into four groups: the sources inside the three clusters (‘Q’:
Quintuplet, ‘A’: Arches, ‘C’: Center) and filed sources outside the clusters (‘F’, see § 5.3)
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Table 5.2. Previous HST NIC2 observations
Program ID Observation Data Filter exposure
7250 Aug 31st, 1999 F187N 1215 sec
7250 Aug 31st, 1999 F190N 1215 sec
7364 Sep 14th, 1999 F187N 1024 sec
7364 Sep 14th, 1999 F190N 1024 sec
Here we further refine the detection of the PESs in the cores of the Arches and
Central clusters, using archived HST/NIC2 F187N and F190N observations (from
Program # 7250 and 7364). In these cores, our survey can be problematic in iso-
lating individual stars, because of the limited spatial resolution of the NIC3 with a
pixel size of 0.2′′, which undersampled the PSF (FWHM = 0.17′′at 1.90 µm). The
large local background flucuation further increases the photometric uncertainty (σtot)
and hence decreases the detection sensitivity, which may partly explain why more
than ten previously known WR stars in the Central cluster were not detected in our
survey (Dong et al., 2011). By using the NIC2 data with a smaller pixel size (0.074′′),
we can improve this situation. The basic parameters of these two NIC2 observations
are listed in Table 5.2. We reduce the observations in the same way as used in our
survey Dong et al. (2011). In addition to updating the photometries of the detected
PESs (including the separation of one source (ID 122 in Table 3 of Dong et al., 2011)
into two separate stars (E48 and E51 in Paumard et al. (2006)), we find three and
ten new ones in the Arches and Central clusters (Table 5.1).
We also include 14 WCs that were identified in spectroscopy observations in our
survey region, but are still not detected as significant PESs (MP1-MP14 in Table 5.1).
5.3.2 Broad-band Near-infared Data
Five data sets are used: 1) Near-IR: HST snapshot observations of the Arches
and Central clusters (Program 7250 and 7364), SIRIUS (Nagayama et al., 2003) and
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2MASS (Skrutskie et al., 2006), 2) Mid-IR: Spitzer/IRAC mid-IR catalogs (Rami´rez
et al., 2008), 3) X-ray: Chandra X-ray source measurements (Muno et al., 2009).
We first identify the near-IR counterparts of our sources in the HST snapshot
observations and then use the SIRIUS and 2MASS catalogues as complements. The
HST snapshot observations were targeted on the three clusters and their local back-
ground fields. Program 7364 utilized the NIC2 of a field of view ∼3.5 arcmin2 to
cover the Arches (14 pointings) and Quintuplet (20 pointings) clusters in three broad-
band filters (F110W, F160W and F205W), while Program 7250 mapped the Central
cluster with one NIC2 and four NIC3 pointings (covering a total of ∼2.8 arcmin2) in
F110W, F160W and F222M. All of our ‘cluster’ PESs have counterparts in these ob-
servations. However, the observations covered only about 1.5% of our HST/NICMOS
Paschen-α GC survey field. Instead, SIRIUS surveyed the |l |≤ 2◦.0 and |b|≤ 1◦.0
with J(1.25 µm), H(1.63 µm) and Ks(2.14 µm). Therefore, for those ‘field’ PESs not
covered by the observations, we use the borad-band magnitudes of the counterparts
in the SIRIUS survey, which covers our entire sample field. For a few bright PESs,
which are saturated in the SIRIUS catalog, we adopt the corresponding broad-band
magnitudes (J: 1.24 µm, H: 1.66 µm and Ks: 2.16 µm) in 2MASS (Skrutskie et al.,
2006). We identify the closest counterpart of each PES with a matching radius of
0.1′′around.
Since the transmission curves of the HST/NICMOS filters are much wider than
their analogues in the SIRIUS and 2MASS systems (F110W vs. J, F160W vs. H,
and F205W/F222M vs. Ks), we need to transform the photometries into the same
standard. We use the least-square fits to the magnitudes measured for stars in the
fields of the three clusters in both the HST/NICMOS and SIRIUS observations to
obtain the following transformations. When we search the counterparts between the
two catalogs, we require their δmH ≤2 to avoid the source confusion in the SIRIUS
observations.
102
Jsiri = m110− 0.072(±0.002)(m110−m205)− 0.196(±0.072) (5.1)
Hsiri = m160 + 0.054(±0.004)(m160−m205)− 0.330(±0.007) (5.2)
Ksiri = m205 + 0.058(±0.007)(m160−m205)− 0.574(±0.014) (5.3)
Jsiri = m110− 0.207(±0.013)(m110−m222)− 0.099(±0.079) (5.4)
Hsiri = m160− 0.129(±0.003)(m160−m222)− 0.351(±0.009) (5.5)
Ksiri = m222 + 0.100(±0.003)(m160−m222)− 0.670(±0.009) (5.6)
Fig. 5.1 compares the HST/NICMOS and SIRIUS magnitudes before and after this
transformation. Table. 5.1 includes the near-IR magnitudes of the PESs in the SIRIUS
photometric system.
5.3.3 Extinction Corrections
With the broad-band near-IR magnitude measurements, we improve our extinc-
tion correction for the PESs. In constrast to the use of the statistically constructed
extinction map, as described in § 5.3.1 and in Dong et al. (2011), here we directly
estimate the extinction along the sightlines toward individual PESs, based on the J-H
and/or H-Ks colors, if available.
Table. 5.3 lists the intrinsic colors, (J-H)0 and (H-Ks)0, that we adopt for the
PESs. According to Figer et al. (1998), the intrinsic colors of LBV stars are similar
to those of O9.5I, (J-H)0=-0.07 (H-Ks)0=-0.05 (Koornneef, 1983), while Crowther et
al. (2006) and Martins & Plez (2006) provide the colors for the WR and O stars: the
(J-H)0 and (H-Ks)0 are nearly constant at -0.11 and -0.10 for O stars and 0.02±0.056
and 0.19 ± 0.182 for WR stars. The dispersion in the (H-Ks)0 distribution of WR
stars is large because their Ks-band intensities can be substantially contaminated by
the free-free emission from their strong stellar winds or the surrounding dust thermal
emission. For those PESs with no available spectroscopic identifications, we simply
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Program 7250Program 7364
Program 7364 Program 7250
Program 7364 Program 7250
Figure 5.1 Comparison between the HST/NICMOS and SIRIUS magnitude before
(black) and after (red) the magnitude transformation for the HST/NICMOS magni-
tude for HST Program 7364 and Program 7250. The black line in each panel indicates
the place where HST/NICMOS magnitude is equal to that of the SIRIUS
adopt the mean values of O and WR stars: (J-H)0 =-0.045±0.121 and (H-Ks)0 =
0.045±0.327.
Following Nishiyama et al. (2006), we adopt the relative extinction coefficients
for the broad-band filters (J, H and Ks) of the SIRIUS instrument toward the GC
as AJ :AH :AKs=1:0.573:0.331. Assuming a single power law for the extinction curve
between H and Ks, we then obtain
AF190N = 0.985(AJ −AH) (5.7)
AF190N = 1.738(AH −AKs) (5.8)
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AF190N = 90.56× log(1.015
r
). (5.9)
Fig. 5.2 compares the AF190N values obtained from Eq. 5.7 (AF190N(J-H)) and
Eq. 5.8 (AF190N (H-Ks) for the PESs with available J, H and Ks measurements and
known stellar types. The mean difference between AF190N (J-H) and AF190N(H-Ks) is
-0.08±0.05 for OB supergiants, 0.07±0.05 for WNs, or 0.25±0.09 for WCs. For WCs,
AF190N (H-Ks), systematically larger than AF190N(J-H), is apparently contaminated
by hot dust emission (§ 5.4.5). Therefore, we only use AF190N (J-H) to represent the
foreground extinction. For other PESs, we generally adopt the mean of AF190N(J-H)
and AF190N (H-Ks) But for PESs with no J measurement, we use AF190N (H-Ks), if
available; otherwise, we just use the extinction from Eq. 5.9. The extinction for each
individual PES is listed in Table. 5.1.
Figure 5.2 Comparison between the extinction at 1.90 µm (AF190N ) derived from J-H
and H-Ks for the PESs with available J, H and Ks magnitudes and different stellar
types. The black sold line represents AF190N (J-H)=AF190N(H-Ks)
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Table 5.3. The intrinsic near-IR colors of massive stars
Type Description (J −H)0 (J −H)0 Error (H −Ks)0 (H −Ks)0 Error
WN5-6 weak WN5, WN6 0.03 0.012 0.16 0.012
WN4-7 strong WN4b, WN5b, WN6b 0.10 0.006 0.27 0.006
WN7-9 weak WN7(h), WN8(h), WN9(h) 0.02 0.052 0.11 0.053
WN10-11 Ofpe/WN9, WN10, WN11 0.06 0.049 0.13 0.11
WC5-7 WC5, WC6, WC7 0.04 0.029 0.58 0.012
WC8 WC8 0.05 0 0.38 0
WC9 WC9 -0.03 0 0.26 0
LBV LBV -0.07 0 -0.05 0
O supergiant O I(f), OBI, B[e] -0.11 0 -0.1 0
Note. —
5.3.4 Paschen-α Emission Equivalent Width Measurements
We re-calculate the Paschen-α EW for those stars with improved magnitude and
extinction measurements. The calculations follow the formula (Dong et al. 2011):
EW1.87µm =
ofF187N − 1.015 ∗ ofF190N
1.015 ∗ ofF190N ∗ δλ, (5.10)
where ofF187N and ofF190N are the extinction-corrected fluxes of PESs in the F187N
and F190N bands, δλ ∼191 A˙ is the equivalent width of the F187N filter, and 1.015
represents a typical F187N to F190N flux ratio, which is obtained for a K0III star
and is insensitive to the specific stellar type, as long as it is later than F (§ 5.4.3).
5.3.5 Mid-Infared Data
To further examine the dust emission from the PESs (mostly WCs), we include
the mid-IR measurements from the Spitzer/IRAC observations (Rami´rez et al., 2008).
We use a search radius of 0.1′′to find the Spitzer/IRAC counterpart of each PES. This
procedure works, except for in the core regions of the three clusters because of the
limited spatial resolution of the Spitzer/IRAC. The mid-IR magnitudes in 3.6 and
8.0 µm of our PESs are included in Table. 5.1, while to save the space, we do not list
the [4.5] and [5.8] in Table. 5.1.
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5.3.6 X-ray Measurements
We utilize the measurements made by the deep Chandra ACIS survey (Muno et
al., 2009). We search the X-ray counterparts of the PESs with a matching radius that
is the minimum of 3σx (where σx is the X-ray source position uncertainty) and 2
′′.
This later radius cut is to minimize the confusion with physically unrelated sources.
In fact, the probability for chance position coincidence can be significant. We estimate
the probability by including the search with the X-ray source positions systematically
shifted to the eight offset positions (i.e., the searches were done on a grid of δRa ⊂
[−5′′, 0′′, 5′′], δDec ⊂ [−5′′, 0′′, 5′′]). The mean number of chance position coincidences
is 7.5, which mostly occur in the core regions of the three clusters. Outside the
clusters, the number of chance position coincidences is only 1.8.
Table. 5.4 lists 35 PESs with apparent X-ray source counterparts. In addition to
the source IDs given in (Muno et al., 2009) and other known IDs from Muno et al.
(2009), the table includes X-ray properties of the sources: 2-8 keV fluxes (photons
s−1 cm−2) and hardness ratios, HR=(h-s)/(h+s), where h and s are the photon fluxes
of each X-ray source in the hard and soft bands). For HR0, HR1, or HR2, the h and
s are defined as the fluxes in the 0.5-2.0, 2.0-3.3, or 3.3-4.7 keV band and 2.0-3.3,
3.3-4.7, or 4.7-8.0 keV band, respectively. P122a and P122b, members of the IRS
13 compact stellar complex (Maillard et al., 2004), are just 0.3′′ apart (compared to
the Chandra on-axis FWHM ∼0.5′′) and are listed to have the same X-ray source
counterpart.
5.4 Results
Fig. 5.3 mark the locations of our 180 sample EMSs on the Paschen-α mosaic
image of the GC. We divide our sources into four groups accordingly to their apparent
location environments: the ones within 3rc of the three clusters (‘cluster’ ones, rc,
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Table 5.4. X-ray counterparts of the Paschen-α emitting sources
Name Reference X-ray ID X-ray flux HR0 HR1 HR2
P9 Lie 96,Mau10a 19 CXOGC174615.1-284932 1.4e-06 1.00 -0.16 -0.51
P18 FA 2,Mau10a 11 CXOGC174549.7-284925 1.6e-06 1.00 0.56 0.11
P35 Cot 4,Mau10a 7 CXOGC174528.6-285605 8.7e-07 0.82 -0.12 -0.32
P36 Mau10c 6 CXOGC174531.4-285716 2.1e-07 0.57 -0.53 -1.00
P38 Mau10c 7 CXOGC174537.9-290134 8.2e-07 -0.17 -0.57 -0.07
P39 Mau10a 6 CXOGC174522.6-285844 2.4e-07 1.00 0.31 -0.33
P75 M07 2,Mau10a 22 CXOGC174617.0-285131 2.4e-06 1.00 -0.05 -0.27
P80 FA 6,Mau10a 13 CXOGC174550.4-284922 3.9e-05 0.77 0.02 -0.11
P83 FA 7,Mau10a 14 CXOGC174550.4-284919 2.2e-05 0.76 -0.04 -0.27
P86 FA 9,Mau10a 12 CXOGC174550.2-284911 2.9e-05 0.77 0.06 -0.02
P91 M07 1,Mau10a 16 CXOGC174555.3-285126 1.6e-06 1.00 -0.00 -0.64
P105 CXOGC174552.9-285537 5.0e-07 -9.00 1.00 -0.14
P108 CXOGC174546.9-285645 3.7e-07 1.00 -0.21 0.59
P109 Cot 2,Mau10a 15 CXOGC174550.6-285919 1.7e-07 -1.00 1.00 -0.14
P111 Mik06 01,Mau10a 9 CXOGC174536.1-285638 1.9e-05 0.77 0.07 -0.20
P114 Mau10a 8 CXOGC174532.7-285617 6.9e-07 0.75 -0.03 -0.13
P122a E51 CXOGC174539.7-290029 1.1e-05 0.87 0.19 -0.27
P122b E48 CXOGC174539.7-290029 1.1e-05 0.87 0.19 -0.27
P123 E88 CXOGC174540.1-290016 2.1e-07 0.66 -1.00 -9.00
P125 E56 CXOGC174539.7-290026 9.7e-06 0.83 0.46 -0.06
P131 E78 CXOGC174540.7-290027 4.4e-07 -9.00 -9.00 1.00
P133 CXOGC174536.8-290117 1.5e-07 -9.00 1.00 0.25
P134 Mau10a 4 CXOGC174516.7-285824 3.4e-07 1.00 0.05 -0.26
P137 Muno06 01,Mau10a 3 CXOGC174516.1-290315 3.0e-06 0.51 -0.29 -0.33
P138 CXOGC174521.3-290754 3.6e-07 -0.37 -0.25 -1.00
P139 CXOGC174516.6-290545 4.9e-07 1.00 -0.13 0.53
P145 CXOGC174516.9-291217 5.8e-07 -0.21 -0.63 -1.00
P147 Mau10a 2 CXOGC174508.9-291218 3.4e-06 1.00 0.54 0.37
P158 E41 CXOGC174540.0-290030 1.4e-05 0.80 0.40 0.38
P161 E70 CXOGC174540.4-290024 2.1e-06 1.00 0.03 -0.04
MP1 Lie 19,FQ 211,Mau1 CXOGC174615.8-284945 1.8e-06 1.00 0.57 -0.22
MP2 Lie 42,FQ 231,Mau1 CXOGC174614.6-284940 8.9e-07 1.00 -0.36 -1.00
MP12 E80 CXOGC174540.4-290036 9.0e-07 1.00 0.21 0.09
MP13 Mau10a 5 CXOGC174519.1-290321 1.1e-06 1.00 0.34 0.16
MP14 Mau10a 23 CXOGC174617.7-285007 1.5e-06 1.00 0.06 -0.48
Note. — The X-ray counterparts of the EMSs in Muno et al. (2009). The unit of X-ray flux (2-8 keV)
is photons s−1 cm−2.
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the cluster radius, see Table 5 of Figer et al., 1999a, 30, 17 and 33 in the Quintuplet,
Arches and Central clusters, respectively) and the other sources, i.e. ‘field’ ones (100).
Figure 5.3 180 EMSs overlaid on the mosaic image of Paschen-α intensity. The
‘diamond’, ‘square’, ‘triangle’, ‘circle’, ‘star symbols’ represent the ’WNL’, ’WC’,
’WNE’, ’OB supergiant’ and LBV stars. The ‘pentagon’ symbols are the stars without
avaiable spectroscopic identifications. The filled symbols indicate the sources with X-
ray counterparts (see § 5.3.6)
5.4.1 Foreground Extinction Properties
The extinction distributions of the PESs in different regions are depicted in
Fig. 4.1. The means (stand deviation) of AF190N in Quintuplet, Arches, Central
and ‘Field’ are 3.3(0.5), 3.2(0.2), 3.5(0.8) and 3.0(0.9). In the Central cluster, if we
remove MP7 (E31, WC9) and MP10(WC5/6, no available mJ), the mean and stan-
dard deviation of AF190N decreases to 3.4 and 0.5. The PESs within the individual
clusters have much similar AF190N , compared to the ‘field’ ones.
Fig. 5.5 shows the J-H vs. H-Ks and Ks vs. H-Ks diagrams for 164 EMSs in
our sample field. The color-color plot contains 119 EMSs with both J-H and H-
Ks measurements, while the color-magnitude diagram for 45 EMSs with only H-Ks
colors. Most of the PESs are located in the ranges of H-Ks⊂ [1, 3] and J-H⊂ [2, 4].
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Figure 5.4 The extinction distributions of the PESs in different regions
They have similar J-H to those SIRIUS stars, but relative redder in H-Ks, due to
extra emission in the long wavelength.
5.4.2 Identification of Foreground Stars
The above extinction properties of the PESs can help us to identify/confirm stars
that are located in substantially foreground regions of the GC. We find that nine
stars have H-Ks < 1 and J-H < 2 (if available), including the two foregound OB
supergiants suggested by Mauerhan et al. (2010c). Table 5.5 includes the extinction-
corrected F190N magnitude and updated Ns of these foreground PESs. Four of them
(P27, P102, P140 and P149) still have significant F187N excesses with Ns > 4.5.
The remaining five have less significant excesses, but could still be emission-line stars.
For example, P38, with the second smallest new Ns, spectroscopically exhibits several
emission lines around 2.112-2.115 µm and is identified by Mauerhan et al. (2010c) as
an O4-6I star at the distance of 3.5 kpc from us. The type of the other foreground
stars are unknown; but some of the blue stars could be nearby CVs.
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Figure 5.5 Left panel: Infrared color-color diagram of 87 PESs with available J, H
and Ks magntude compared to the field stars from the SIRIUS survey (black small
dots). Most of the PESs fall into the color-color ranges, H-Ks⊂[1,3] and J-H⊂[2,4],
Right panel: Infrared magnitude-color diagram of 39 PESs with only available H and
Ks magntude compared to the field stars from the SIRIUS survey (black small dots).
We also notice that there are several PESs with unusual properties. For example,
in § 5.4.2 and § 5.4.6, besides P145, we found that the other seven unclassified PESs
(six in § 5.4.2 and P138 in § 5.4.6) could be foreground. However, unlike P145,
these sources are very dim in the Ks band. In order to be 4 kpc away from us,
intrinsically, in the Ks band, these sources should be at least 2.4 magnitude dimmer
than P38 (MKs=-5.14 Mauerhan et al., 2010c). However, accoding to Figer (1995),
the dimmest WR isMKs ∼ −3.35 and the O supergiant also hasMKs ∼ −5.5 (Martins
& Plez, 2006). Therefore, we suspect that they are not massive stars, but CVs, which
also have hydrogen emission lines (Dhillon & Marsh, 1995). Meanwhile, in § 5.4.6,
we also found P108 and P139 have large X-ray color HR2 and similar X-ray flux as
the CVs within the GC.
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Table 5.5. Modified Ns for the foreground stars
Name Counterpart AF190N Previous Ns Modified Ns
P1 0.6 5.6 3.3
P27 1.5 7.5 6.9
P38 Mau10c 7 1.6 5.2 2.8
P58 1.7 5.8 4.0
P102 1.8 8.8 7.2
P116 0.6 6.0 2.6
P140 Mau10c 1 1.2 11.3 9.6
P145 1.3 4.7 3.1
P149 1.0 15.0 13.5
Note. —
When X-ray counterparts are available, their spectral properties (Table 5.4) can
also be useful. HR0 is often used to distinguish foreground sources from those at the
GC (e.g., Mauerhan et al. 2010a,c). Muno et al. (2009) suggested that a source with
HR0> -0.175 (or = -9 for non-detection in 0.5-2.0 keV) should be at the GC, otherwise
probably has a distance less than 4 kpc from us. Within the identified sources, besides
P38, P109 also has low HR0 (-1). However, P109 has been recognized to be a WN7
star within the GC (Cotera et al., 1999; Mauerhan et al., 2010a). Therefore, its low
HR0 could be due to large photometric uncertainty, because of the low X-ray flux
(1.7×10−7 photons cm−2 s−1). For the six new sources, P138 and P145 could also be
foreground, supported by their broad-band colors (see § 5.3.3 and Table 5.1, H-K=0.6
for P145). Therefore, except for the three sources with very small HR0 values (P38,
P138 and P145), the other 32 sources should be within the GC.
For example, In § 5.4.2 and § 5.4.6, we notice that P145 has both blue near-IR
color (H-K<1) and very soft X-ray index HR0=-0.21. Its X-ray colors HR0 and HR1
and modified Ns are very similar to those of P38. If it has similar stellar type as P38,
i.e. O4-6I, we expect that it is 2.6 kpc away from us. Therefore, it is very possible to
be a foreground massive star.
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5.4.3 Magnitude and Color Properties
We delineate the F190N magnitude distributions of our 180 sources in the left
panel of Fig. 5.6. The sources in the Arches cluster have brightness over a narrow
range, while the F190 magnitudes of those in the other three groups follow wider
distributions.
Figure 5.6 The F190 magnitude distribution before (left) and after (right) the extinc-
tion and distance correction (see § 5.4.3).
The distributions after correcting for the distance and extinction (see § 5.3.3)
modulus are represented in the right panel of Fig. 5.6. We should be aware that with
this uniform distance, we overestimate the luminosities of foreground stars. Most of
the stars in the Arches and Quintuplet clusters have MF190N ∈[-8,-7], while several
stars in the Quintuplet cluster are relatively dimmer. On the other hand, the stars
in the Central cluster are fainter by ∼ 1-2 magnitude. This offset is consistent with
previous observations in the Ks band (MKs, Figer et al., 2002; Paumard et al., 2006).
Therefore, this difference should not be due to the uncertainty of differential extinction
correction and could be intrinsic.
The luminosity distribution of field sources spans a wide range. 54 (54%) of the
field sources have absolute magnitude less than -4.5 magnitude, which are consistent
with those in the three clusters. 3 out of these 54 sources have H-Ks < 1, suggesting
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that foreground stars do not contaminate the luminosity function in the bright end
too much. The other half of field sources are fainter at 1.90 µm, indicating potentially
different stellar types or initial mass as those in the three clusters.
5.4.4 Paschen-α Emission Equivalent Width Properties
In Fig. 5.7, we present the EW as a function of ofF190N for 113 sources with various
stellar types and at different locations. The stellar types are identified from previous
ground-based spectroscopic observations (see Tabel 5.1). As mentioned in Figer et
al. (2002), the EW of the WNL stars in the Arches cluster (triangle) increases with
the stellar luminosity. They explained that this relationship implies that the wind is
radiative driven. Brighter the star is, stronger the stellar wind is and also the EW is
larger. Although this linear relationship seems to still hold true for the WNL stars in
the Central cluster, except for the Ofpe/WN9 stars (filled square), the sources in the
Central cluster are systematically dimmer by a factor of 5 than those in the Arches
cluster, as we saw in their magnitude distribution (see § 5.4.3 and Fig. 5.6). It means
that the EW of WNL stars is determined by not only the stellar luminosities, but
also other potential stellar parameters, such as evolutionary state or metallicity which
determines the opacity and strength of the stellar wind. In Fig. 5.7, most of the ‘field’
WNL stars (‘star’ symbol) are located between these two groups. The ‘Ofpe/WN9’
stars distribute much loosely in this plot. Most of them (eight out of twelve) have
EW< 100A˙, smaller than those of the WNL stars with similar ofF190N .However, one
‘Ofpe/WN9’ star in the Central cluster, ‘AF’ star, has the largest EW (364A˙) in our
sample. Because of the strong line emission, ‘AF’ is one of the first stars studied in
this region. Martins et al. (2007) suggested that stronger wind and more advanced
evolutionary state could explain its distinct broader lines. Compared to the WNs, the
EW of the WCs have large distribution range. The 3 WCs in Quintuplet (Figer et al.,
1999a) with EW > 200 A˙ (P12, P13, P60, all of them are WC8) have significant HeI
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(2.059 µm) and HeII (2.19 µm) in the Ks spectra. On the other hand, fourteen WCs
have not been recognized by our method (see § 5.3). Five of them are the Quintuplet
proper members (QPMs) and have unusual red colors (Figer et al., 1999a; Liermann
et al., 2009), suggesting the existence of the dust.Most of the OB supergiants have
very small EW values, probably because of the weaker stellar wind.
Figure 5.7 The EW of F187N for different types of stars. In the ‘WNL’ panel, the
solid symbols represent the ‘Ofpe’ stars. In the panels for ‘OIf’, ‘WNE’, ‘WC’, the
solid lines represent the track for the WNL stars in the Arches cluster.
We plot all of the PESs with and without spectroscopic identifications in Fig. 5.8
to demostrate the relationship between EW and of1.90 µm more clearly. We divide
the plot into three parts emperically, each of which roughly includes one single stellar
type. Considering the linear relationship between the EW and ofF190N for the WNLs
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mentioned above, we include a line, which is roughly parallel to the distribution of
the WNL in the Arches cluster, between the WNL and WC. 69%, 36% and 88% of the
WNLs, WCs and OB supergiants are located into these three regions, respectively.
44% of the WCs fall into the ‘OB supergiant’ region and have very small EW.
Figure 5.8 The EW of F187N for different type of stars. We depict three lines in
the plot to distinguish the WNL, WC and O If. The large symbols indicate X-ray
counterparts.
The PESs without previous spectroscopic identification have either low EW or
small intrinsic brightness. Most of them (54 out of 67) are within the ‘OB supergiant’
region. One unclassified PES with EW=284A˙ falls into the WNE (red ‘triangle’
symbol) region in Fig. 5.8. This PES is recognized in the HST/NIC2 observations of
the Central cluster, but not the HST/NIC3 Paschen-α Survey (Dong et al., 2011),
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probably due to the large confusion limit. The other 12 unclassified PESs are within
the ‘WC’ regions.
5.4.5 Dust Emission in Mid-IR
To investigate dust properties in the PESs, we depict a color-color diagram for 38
sources with available H, Ks and [8.0] magnitudes in Fig. 5.9. Limited by the angular
resolution of Spitzer/IRAC (∼2′′), the majority of the 38 PESs are ‘field’, while few
are located at the periphery of the Quintuplet and Arches clusters. Most of the WNs
and OB supergiants are slightly redder in Ks-[8.0] than the field stars within the
Spitzer/IRAC GC catalog. Interestingly, three OB supergiants (P35, P100, P112)
have strong [8.0] emission and unusually red color (Ks − [8.0] > 5). All of them
are associated with local strong extended Paschen-α and 8.0 µm Polycyclic Aromatic
Hydrocarbon (PAH) emission. On the other hand, compared to the WNs and OB
supergiants, WCs have a little bit redder H-Ks, but much wider range of Ks-[8.0]
(∈ [2, 6], while [2,4] for WN and OB supergiant). Six of nine WCs in Fig. 5.9 have
been identified with dust. They are redder (Ks − [8.0]) than the other WCs, except
for P66 (FQ 76, WC9) which falls in the south of the Pistol nebula and could be
contamined by local strong dust emission, for example, the eject from the Pistol star
.
In Fig. 5.10, we construct the color-EW diagram (Ks-[3.6] VS EW) for 71 PESs.
The color Ks-[3.6] roughly represents the spectrum slope in the mid-IR. From the
Fig. 5.10, the WNLs/OB supergiants and WCs seem to follow different trends. The
EW of the WNLs increases with the Ks-[3.6] and vice versa for the WCs. The OB
supergiants follow the same trend as the WNL stars, although the dependence of
the EW on the Ks-[3.6] is much weaker. This different trends should indicate the
distinct emission mechanisms in the long wavelength for the WNLs/OB supergiant
and the WCs. The free-free emission in the winds of the WNLs/OB supergiants
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Figure 5.9 The color-color diagram (Ks-[8.0] VS H-Ks) for 38 PESs compared to the
field stars from the Spitzer/IRAC catalog with avaiable H, Ks and [8.0] magnitude
dominates their mid-infrared emission (Wright & Barlow, 1975). The stronger the
wind is, the EW is larger and the Ks-[3.6] is redder. On the other hand, strong dust
emission in the WCs could even dilute the line emission in the near-IR. The more
dust emission is, the redder Ks-[3.6] is. For example, in our sample, within 19 WCs
with available mKs and [3.6], the nine dusty WCs (the minimum Ks-[3.6] is 2.32)
are redder than the other WC, except for only P73 (WC8, Ks-[3.6]=2.44). If the
dust emission is strong enough, the EW of the H/He lines could be largely reduced
and even cannot be identified by our methods. One good example is the QPMs in
Quintuplet cluster. Their infrared spectra are very red and nearly featureless. Using
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high-resolution adaptive optic observations, Tuthill et al. (2006) resolved the dust
lanes moving around Q2 and Q3 in Quintuplet cluster.
Figure 5.10 The color-color diagram (Ks-[3.6] VS EW) for PESs with different stellar
types
The unclassified PESs distribute loosely in Fig. 5.9 and Fig. 5.10, suggesting the
diverse origins. For example, P44, P115 and P142 have very red color (Ks− [8.0] > 4
and Ks− [3.6] > 3), but unrelated to any local diffuse emission in Paschen-α and 8.0
µm. According to their location in Fig. 5.9 and Fig. 5.10, we suggest that they could
be dusty-WCs. Several unclassified PESs also fall into the ‘OB supergiant’ region.
Future spectroscopic identification is needed.
We derive a simple way to study the dust properties in the dusty-WCs in our sam-
ple. First, 16 WCs in our sample have available photometries in six bands (mJ , mH ,
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mKs, mF190N , [3.6] and [4.5]). Through the extinction laws provided by Nishiyama
et al. (2006) and Indebetouw et al. (2005), we can obtain the extinction in these six
wavelegnths by using the AF190N in § 5.3.3 and obtain the intrinsic intensitis of these
16 WCs. Second, we select out 5 WCs (P28, P34, P60, P94, P101). These WCs have
relative blue colors Ks-[3.6]<2 (see Fig. 5.10) and do not seem to have surrounding
dust (without ’d’ in their type definition, see Table. 5.1). We normalize the intrinsic
intensities of each WC to (fJ = 1 Jy) and then median-average these normalized
spectra to construct a template spectra, which should include the black body emis-
sion from the stellar atmosphere, plus potential free-free emission from the wind of
WCs. Third, we fit the spetral energy distribution (SED) of the other 11 WCs with
two components: 1) the template spectra in the above step and 2) the Wien side of a
blackbody from the surrounding hot dust, Inu=
a
λ3
exp( b
λ
) (a is normalization, b= hc
kT
).
The fitting results are presented in Table. 5.6 and Fig. 5.11. The combination of
the template spectra and a blackbody emission from the hot dust fit seven of 11 WCs
very well, while the other four (P73, MP1, MP4 and MP14) show different spectra
shape. For MP1, we notice that Spizter/IRAC source catalog includes a source which
is 1′′away from MP1 and detected in 4.5 µm, not 3.6 µm. Therefore, we suspect
that Spizter/IRAC source catalog could underestimate the intensity of MP1 in 4.5
µm. Therefore, we remove the [4.5] from the SED fitting of MP1 in Table. 5.6 and
Fig. 5.11. We also tried to remove the [4.5] from the SED fitting of P73, MP1 and
MP14. However, the fitting result is still not very good, indicating more complicated
structures. From the Table. 5.6, we notice that the dust contribution at 1.90 µm
varies significantly for different stars and could reach more than 50% for the QPMs.
The temperature of the dust is around ∼1000K.
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Table 5.6. Dust properties in the WCs
Dust fraction
Name Dust temperature (K) J H F190N Ks 3.6 µm 4.5 µm
P63 1046 1.0 8.5 21.1 31.6 67.5 75.6
P66 676 0.0 0.6 3.0 7.8 60.7 78.4
P73 1075 1.2 9.4 22.5 32.9 67.3 75.1
P152 1162 1.3 8.5 19.3 27.6 57.0 64.7
MP1 822 0.6 10.0 30.9 49.0 89.7 94.2
MP2 717 0.1 2.6 11.9 25.2 83.1 91.5
MP3 895 2.4 25.3 54.6 70.4 94.3 96.6
MP4 1299 6.3 27.1 46.0 55.6 77.3 81.3
MP5 979 1.8 16.5 38.4 53.2 85.9 90.6
MP6 691 0.5 14.0 46.6 69.6 97.5 98.9
MP14 1412 9.4 32.6 50.7 58.9 76.8 80.0
Note. — a, the distance assuming a O4-6I star
5.4.6 X-ray properties
Among the 35 maches between the PESs and X-ray sources (Table. 5.4), all of
them are located outside the three clusters and thus represent reasonably reliable
matches (see § 5.3.6).
Most of the previously known X-ray-emitting PESs (Mauerhan et al., 2010a,c) are
suggested to be within the GC, except for P38 (Mau10c 7 (Mauerhan et al., 2010c)).
We find six new X-ray sources with excess emission in F187N. Their photon fluxes
are ∼4×10−7 cm−2 s−1 in [2,8] keV and therefore, are dimmer than most of the other
X-ray sources in Table 5.4. Their low signal-to-noise ratios hamper our attempt to
study their intrinsic physical properties through extracting their spectra.
Fig. 5.12 presents the relationship between the HR2 and the photon intensities
of these X-ray counterparts. Unlike the HR0, HR2, derived from more energetic
photons, is less affected by foreground extinction and represents intrinsic slope of
the underlying spectrum. As stated in Mauerhan et al. (2010a), most of the X-ray
counterparts of the EMSs is softer and brighter than the majority of the X-ray point
sources toward the GC, which are considered to be the CVs. The CVs have relatively
hard spectra, with thermal temperature > 2 keV or powerlaw index −1 < Γ < 3.
Four of the six new X-ray counterparts have HR2<0.4, consistent with the other
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Figure 5.11 The SED fitting result for 11 WCs in six bands, J, H, F190N, Ks, 3.6
µm and 4.5 µm. Dotted lines represent the empricial SED of WC, including the
blackbody from the stellar surface, plus potential free-free emission from the wind of
WCs. Dashed lines are the wien side of a blackbody emission from the surrounding
hot dust. The solid lines are the sum of the two components above
known EMSs, suggesting that they have the similar origin. On the other hand, P108
and P139, with relative hard HR2 (>0.5), fall into the CV region in Fig. 5.12.
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Figure 5.12 The HR2 VS Photon flux for the 34 X-ray counterparts of the PESs. The
blue dots are from Chandra X-ray Catalog (Muno et al., 2009). The ‘star’ symbol
represents the counterparts that have been studied in previous literatures, while the
‘circle’ symbols are the new X-ray counterparts. We also label the positions for
different spectra type, either power-law or thermal plasma with different parameters
as Mauerhan et al. (2010c)
5.5 Discussion
5.5.1 The ‘field’ PESs without spectroscopic identification
In our PESs catalog, 67 sources do not have available stellar types. Before ob-
taining ground-based spectroscopic observations, we provide preliminary estimates of
their stellar types with the existing data.
The straightforward explanation is that these PESs are EMSs. We also suspected
that P44, P115 and P142 could be dusty WCs in § 5.4.5 and P162 could be another
WNE within the Central cluster (see § 5.4.4). In Fig. 5.8, most of the other unclas-
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sified PESs fall into the ‘OB supergiant’ region, while few are within the WC region
(see Fig. 5.8). Therefore, these unclassified PESs could be either OB supergiant which
have weak stellar wind or WCs stars with/without surrounding dust.
In the three clusters, we do not find PESs which have ofF190N < 3× 104µJy and
EW< 60A˙ and could be dusty-WCs, OB supergiants or CVs as mentioned above.
There are two possibilities: 1) these clusters do not have this kind of PESs or 2)these
sources are below the detection limit in these clusters. In Fig 5.13, we compare the
σtot of these unclassified PESs with the stars detected within the three clusters. We
use ofF190N instead of fF190N to remove the differencial extinction between the ‘field’
PESs and the ones in the clusters. Because of the confusion limit and the contam-
ination from the Sgr A West, the photometric uncertainty in the Central cluster is
much higher than those in the Arches and Quintuplet clusters. Since Quintuplet do
not have available F187N/F190N observations taken by NICMOS/NIC2, but only
NICMOS/NIC3, the photometric uncertainty in the Quintuplet cluster is also larger
than that in the Arches cluster. Therefore, from the Fig. 5.13, the undetection of
the analogue of the ‘field’ PESs with low brightness and EW in the Quintuplet and
Central cluster could be due to the large σtot. On the other hand, in the Arches
cluster, since the Arches cluster is very young (2-4 Myr), most of the massive stars
are still in the MS, except for few very massive ones (≥ 60M⊙) entering the WNL or
OB supergiant phase.
5.5.2 A complete sample of the WR stars within the GC?
For the first time, our Paschen-α survey offers us a systematic way to search the
EMSs, especially the WNs, within the GC. First, the F187N filter includes both one
hydrogen line (4-3, Paschen-α) and two helium lines (He I 4F-3D and He II 8-6). This
special property helps us identify not only the rare H-rich WNs which are descended
from progenitors of initial mass larger than 75 M⊙ (Crowther et al., 2006a), but also
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Figure 5.13 Comparison of the σtot between the normal sources within the three
clusters and the unclassified PESs, which have low EW and ofF190N
the more popular H-deficient WN and WCs with relatively low initial mass, which
have strong helium line emission. Second, without the atmosphere, compared to
the previous ground-based telescope WR stars survey toward the GC (Homeier et
al, 2003), the exquisite angular resolution (∼ 0.2′′), stable Point Spread Function
(PSF), low instrument background of HST/NIC3 and half-pixel dithering pattern we
used make sure that we can resolve the individual stars within the GC and provide
excellent constraints on their stellar photometry, which is crucial to find the intensity
enhancement due to the hydrogen and helium lines above the continuum. Third,
unlike the X-ray approach (Mauerhan et al., 2010a,c), searching evolved massive
stars within the GC through the Paschen-α line is not limited to the EMSs within
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binary systems. The spectra of single massive stars are usually characterized by
thermal plasma with temperature around 0.6 keV (see Oskinova , 2005, and reference
therein) and these stars should emit most of their photons with energy less than 2
keV. Therefore, the extremely high foreground extinction could absorb most of these
soft photons so that these single massive stars are undetected in the X-ray. The
collision wind (between two massive stars) or wind-accretion (between one massive
star and one compact star) model in massive binary system could produce the hard
photons (>2 keV) and are the main theory to explain the X-ray counterparts of our
PESs (Mauerhan et al., 2010c). However, their X-ray lumiosities are determined
by various parameters, such as the distance between two companions, their final
wind velocities and mass loss rate. On the other hand, the Paschen-α emission of
massive stars is just determined by their own properties and is not related to the
binary properties. Both single massive stars and the ones in binary systems could
be detected by our Paschen-α survey. Indeed, we have found 100% and 62% of the
WN and WCs identified by previous spectroscopic observations, respectively, from
our survey, as well as archived HST/NIC2 observations of the Arches and Central
clusters. 2
The 50 WNs (5 WNE and 45 WNL) known by now should represent nearly the
whole WN sample in our field-of-view (see also Mauerhan et al., 2010c). First, al-
though WNE stars seem to prefer low metallicity environment (Crowther, 2007), five
(WN5-6) have been identified toward the GC. One falls into the Central Cluster,
while the other four in the ‘field’. All of them have strong extra emission in the
F187N (EW∼250A˙), compared to the other WNL stars. Therefore, combined with
the fact that the magnitudes (mF190N ∼ 12.5±1) of these PESs are much larger than
our detection limit (mF190N ∼ 17), Mauerhan et al. (2010c) suggested that the early
2The total numbers of WN and WC are smaller than those in Table 5. of Mauerhan et al. (2010c),
since we only include the WR stars within our survey area.
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type WN (WN3-6, WN3-4 with similar EW to WN5-6, but dimmer than WN5-6
by 1 magnitude in Ks band, Crowther et al., 2006a) could be easily recognized. In
§ 5.4.4, we noticed P162 (mF190N = 14.3) in the Central cluster have similar EW
and ofF190N as the five known WNE. If this PES is real an early type WN, there
will be two WNE within the Central cluster. They could provide us a hint about the
metallicity of the parental molecular cloud. Second, WNL dominate the WNs toward
the GC. Although with moderate deviation, the EW and ofF190N of the WNL stars
follow a linear relationship. Therefore, bright WNLs, which have small photometric
uncertainties and large EW, is more easily identified by our method and vice versa.
The dimmest WNL we can identified has Ks=12th magnitude, roughly the lowest
brightness limit of the WNL stars, according to Figer (1995) and much brighter than
our detection limit . Therefore, we believe that we also find nearly all of the WNL
stars within the GC.
Unfortunately, we missed 38% of 38 known WCs within the GC (see Table. 5.1).
They have either weaker He and C lines (such as MP4, MP13 and MP14 see Liermann
et al., 2009; Mauerhan et al., 2010a) or featureless spectra (such as MP1, MP2, MP3,
MP5, MP6). The hot dust emission in the longer wavelength should account for
their redder Ks-[3.6] and small EW at 1.87 µm. Further, Hadfield et al. (2005)
found that M83 with super-solar metallicity has N(WC)/N(WN)∼1.2. Therefore, we
expect there are 60 WCs in the GC which has the similar metallicity as that of M83.
Therefore, alterative methods are needed to unveil the dusty WCs within the GC.
The deficit of our method is partially alleviated by the X-ray observations. Dusty
WCs are supposed to be within massive binary systems (Crowther et al., 2006a).
The collision wind zones between the two massive stars could emit high-energy X-ray
photons (> 2 keV) and be detected by the Chandra GC Deep Survey (Muno et al.,
2009) (see also § 5.4.6). For example, five missed PESs have X-ray counterparts (see
Table. 5.4).
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However, as mentioned above, the X-ray emission of the collision wind zones is
constrained by various parameters and they could not be detected if they are too dim,
which could explain why MP3, MP5 and MP6, the three other QPMs, do not have
availavle X-ray counterparts, even within more than 100 ks Chandra Deep observation
toward the Quintuplet (Wang, Dong & Lang, 2006). Considering the strong hot dust
emission in the Mid-IR of WCs, another potential way could be searching the red
objects (for example large Ks-[3.6]) within the GC, although dusty WCs could mix
with the Young stellar objects in the color space.
5.5.3 The origin of the ‘field’ massive stars
In Fig. 5.3, we depicted the spatial distribution of our PESs. Certain amount of
EMSs are outside the three clusters and distribute loosely within the GC. The total
number of the ‘field’ PESs is similar to that within the three clusters (Dong et al.,
2011). Then the question is how these massive stars form in this extreme environment
(see § 1). Understanding the origin fo these ‘field’ massive stars is very cruicial for
the study of the star formation mode within the GC.
These ‘field’ massive stars could originate from the three massive star clusters.
Because of mass segregation, the number density of massive stars within the core
of these clusters are very high. Therefore, the frequency of three body interaction
among three massive stars should be very high and the massive stars with the lowest
mass will be kicked out. For example, Mauerhan et al. (2010c) suggested that three
and two stars outside the tidal radius of the Arches and Quintuplet clusters could
be former cluster members. Meanwhile, an interesting phenomena is that tens of
WN and O If+ stars are in the Galactic West of the Arches cluster, which is moving
toward the Galactic East with 200 km/s derived from the AO observations (Stolte et
al., 2008). These massive stars are just less than 20 pc away from the Arches cluster.
Then, they could leave the Arches cluster about <1 Myr ago, which is still reasonable,
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compared to the age of Arches’s cluster (∼2.5 Myr, see Figer et al., 2002). Therefore,
the total number of massive stars within the three clusters could be underestimated
and the mass function in the Arches cluster could be even flatter (see Kim et al.,
2006, and reference therein).
However, we suspect that the cluster origin could only account for few ‘field’ PESs.
First, in the three-body interaction, after the star with the lowest mass is ejected,
the two stars with higher mass remain and form a close binary system. Therefore, we
expect to detect these binaries readily from their collion wind zones in the X-ray. To
date, we just detect four X-ray point sources in the Arches and Quintuplet clusters
respectively (Wang, Dong & Lang, 2006, ,QX1 should be foreground). It means that
only eight massive stars have been ejected from the Arches and Quintuplet clusters
previously, which can not account for the more than ten PESs in the Galactic West
of the Arches and Quintuplet clusters. Second, this theory could also not explain the
14 known ‘field’ PESs in the GC with X-ray counterparts. These PESs should belong
to binary systems and have a companion which is either a massive star or neutral
star/black hole, the descendant of the massive stars. According to this theory, after
the three body interaction, the binary system will move toward the opposite direction
of the star kicked out and the velocity of the binary system should be smaller than
that of the single star. Therefore, this binary system could move away from the
potential well of these star clusters, we expect that these binary systems closer to the
three clusters than the PESs without X-ray counterparts. However, from Fig. 5.3, we
see that these PESs with X-ray counterparts do not show any concentration toward
the three clusters. Third, in the Fig. 5.3, several ‘field’ PESs seem to be coincident
with local HII regions, such as H1, H2, and several ones in the Galactic West of Sgr
A*, suggesting their potentially physical relationship (see Fig. 5.14). These local HII
regions could represent the original molecular clouds of these PESs.
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(a)
P101
P107
P100
(b)
P114
P35
(c)
P134
P135
P39
P135
(d)
MP13
P137
Figure 5.14 HST and Spitzer images of four HII regions. From left to right, the three
columns are F190N, Paschen-α and 8.0 µm dust-only images.
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Therefore, we propose that most of the PESs could represent the remnant of old
massive star clusters which have already been dissolved or the local star clusters which
are much smaller than the three massive ones. Portegies et al. (2002) proposed that
the stellar clusters similar to Arches and Quintuplet cluster, which form within 200
pc of the GC, will hide in the strong stellar background within 20 Myr due to the
strong tidal force in the GC. Therefore, we expect the massive star clusters with
size, smaller than Arches and Quintuplet cluster dissolve within less than 10 Myr, so
that the EMSs belonged to these clusters still exist within the GC and not explode
as supernova. On the other hand, instead of the massive star clusters, these PESs
could also represent the local low-intensity star formation processes, suggesting by
the association of several PESs and extended diffuse Paschen-α emission (see § 5.5.4).
5.5.4 Current star formation within the GC
Star formation mode and history within the unusual environment of the GC re-
main to be a puzzle for us. How these three young, compact, massive star clusters
form is still unknown. Besides these three clusters, whether there are more young
star clusters with age less than 10 Myr within the GC is also an open question. Infall
of massive star clusters (Fujii et al., 2008, and references therein) and in-situ star for-
mation (Nayakshin et al., 2007) have been proposed to explain the existence of these
three clusters. Current intense studies of the Central cluster by using ground-based
AO observations favor the local star formation (Paumard et al., 2006). Then, as we
mentioned in the § 1, only massive star clusters collapsed from the giant molecular
cloud could survive.
However, several ‘field’ PESs could indicate different star formation mode within
the GC, with respect to the three clusters. When overlaying the PESs on the Paschen-
α image (see Fig. 5.3), we found that several PESs associated with extended Paschen-
α diffuse emission, such as H1, H2 and H5 (Yusef-Zadeh & Morris, 1987) and two
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new ones in the Galactic west of Sgr A* ((l,b)=(0.131,-0.002) and (-0.279,-0.036)).
Meanwhile, in § 5.4.5, the unusual red color (Ks-[8.0]) of three OB supergiants also
indicates the nearby molecular clouds which are potentially heated by strong UV
photons from these OB supergiants. The possibility of the coincidence between the
local molecular clouds and the runaway massive stars from the three clusters or the
dissolved clusters should be low. Therefore, these PESs should represent local young
star clusters in these clouds and don’t have enough time to move away from the
kindergarden yet. For example, after correcting the foreground extinction, the total
Paschen-α emission from the H1 and H2 regions (see Fig. 5.14b) is 6.07×1036 ergs s−1.
Assuming a HII region have T=104K and ne=10
3 cm−2 (LHα = 8.512×LPaα), we can
obtain the total ionization photons is ∼ 4.1×1049 photons s−1 (QLyc = 7.32×1011LHα,
Scoville et al., 2001). This could be accounted by the two OB supergiant (P35 and
P114) within these regions (QLyc = 10.
49.5 each). In H1, H2 and H5, the PESs are
spectroscopically identified as OB supergiants, no WNL stars. If the initial mass of
these stars are similar to those of the WNLs in the Arches cluster, the relative early
evolutionary stage of these OB supergiants suggests that they are younger than the
WNLs in the Arches cluster. Therefore, the same is true for the underlying star
clusters in these HII regions, compared to the Arches cluster. Compared with the
Thermal Arc and Sickle nebulas, which are ionized by the Arches and Quintuplet
cluters (Lang et al., 1997, 2001), these HII regions are much dimmer and smaller (see
Fig. 5.3). Each HII region has one or two PESs, compared to tens of PESs within
the three clusters. Therefore, these star clusters could much smaller than Arches
and Quintuplet clusters and could represent the low-intensity star formation process
within the GC.
We can use the existing data to infer the current star formation history within
the GC. In the right panel of Fig. 5.6, we present the extinction-free luminosity dis-
tributions of the PESs in different regions. We found that the peak of the luminosity
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functions of Arches and Quintuplet clusters are brighter than that of the Central clus-
ter (see § 5.4.3, the median absolute magnitude of these clusters, Arches:-6.26±0.14,
Quintuplet: -6.56±0.38, Central: -5.07±0.23). Therefore, if we assume that these
clusters have similar initial properties, such as mass function and metallicity (see
§ 1), the shift of the peak of the luminosity function could be explained by their age
differences. The massive stars within the Arches cluster just left the MS and have
similar luminosities (MF190N ∈ [−6,−8]). On the other hand, in the Central cluster,
the oldest one within the three clusters, the WR stars with similar initial mass as
those in Arches cluster could already pass away and the existing WR stars are the
descendants of O stars with smaller mass. Therefore, for example, the WNs in the
Central cluster is systematically dimmer than those in the Arches cluster. We also
notice that more than 50% of the ‘field’ PESs have similar intrinsic magnitude distri-
bution to those EMSs in the three massive star clusters, while the ‘field’ luminosity
function is much wider and the peak falls between those of the Arches and Central
clusters. Therefore, assuming that the field star formation process has similar initial
properties as those in the three clusters, the luminosity function of the ‘field’ PESs
suggests that massive stars form continuously in the GC, while there could be an en-
hancement around 5 Myr, between Quintuplet and Central clusters. Even if instead
of the ‘top-heavy’ IMF, ‘field’ star formation follows a more standard IMF (such as
Salpeter IMF), the above method only overestimates the age from the luminosity
peak.
5.5.5 Searching the massive stars within the GC
Although our survey has identified nearly 200 massive stars, more candidates
are needed to study the current star formation process within the GC. In 5.5.2, we
demonstrated that our PESs catalog should include most of the WR stars within our
survey area. These 86 WR stars, identified by previous spectroscopic observations,
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represent more than 35% of the Galactic WR stars. They are not constrained within
the three clusters and half of them distribute randomly within the GC. Therefore, it
means that within the GC, the young stellar population are more popular than we
thought before. Unfortunately, since WR phase, including WN and WC, occupies just
3% of ∼ 5 Myr lifetime of O stars (Meynet & Maeder, 2005), these WR stars represent
a small fraction of the current stellar population with age less than 10 Myr in the
GC. We expect to dig out more massive stars to systematically study the properties
of young stellar population within the GC, such as their spatial distribution.
The OB supergiants, which are considered to be the transient phase between the
MS and the WR stars, could be our next target. Unfortunately, our method just
resolved only a handful of these types of stars (see Table. 5.1). Compared to the
WR stars, these stars have much weaker stellar wind, i.e. smaller EW (see Fig. 5.10)
in F187N. Therefore, these stars are hard to satisfy our criteria (see § 5.3), because
of several reasons: First, the median value of the F187N to F190N flux ratio of
the closest 101 stars, which we used to infer the continuum in F187N for each star,
could ovestimate the intrinsic ratio for the star which is still enshrouded by parental
molecular cloud. Second, in current method, we also need to propagate the statistical
uncertainty for the median value into σtot, which led our method to miss the stars
with small EW. In the future, we expect to obtain observations with the narrow-band
filter in the shorter side of 1.87 µm to not only constrain the F187N continuum more
accurately, but also reduce the statistic uncertainty, so that more OB supergiant can
be identified.
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CHAPTER 6
CONCLUSIONS
6.1 Current star formation mode and history within the GC
Our HST/NICMOS GC Paschen-α survey provides the highest angular resolution
images of the GC to date and helps us search for the young massive stars hiding in
the strong IR background caused by the numerous evolved low-mass stars.
Combined with archived HST/NIC3 snapshot observations toward the Arches and
Central clusters, we have found 166 point sources with extra emission at 1.87 µm,
due to either hydrogen or helium lines. Half of them have been identified to be
EMSs with spectral types, ranging from OB supergiant, LBV, to WRs by previous
observations. Follow-up ground-based spectroscopic observations identify the other
20 stars as EMSs. Already, this doubles the number of the known massive stars
outside of the three massive star clusters.
We have found that half of these EMSs are located outside of the three clusters
and distribute very loosely or in small associations. Some of them are spatially
associated with the local extended Paschen-α and PAH emission. We have argued
that these stars should be formed in-situ or represent the remnants of older dissolved
star clusters, instead of being the previous members of the three known, massive star
clusters. This supports the previous suspicion that the current star formation within
the GC is not constrained to the three clusters. These ‘field’ EMSs should trace the
underlying young star clusters which contribute the other half of Ly-α photons which
heat the surrounding dust and reproduce the far-infrared emission.
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These underlying young star clusters could challenge our understanding of the
star formation modes within the GC. According to Morris & Serabyn (1996), the
Jeans mass within the GC is around 105 M⊙ and massive star clusters, like the three
massive star clusters formation should be favored. On the other hand, several HII
regions which the evolved massive stars are coincident with are dimmer than the
Thermal Arc and Sickle nebula, which are considered to be ionized by the Arches and
Quintuplet clusters. Several OB stars are enough to provide the UV photos necessary
to illuminate these small HII regions. Therefore, the size of the underlying star clusters
could be smaller than the Arches and Quintuplet clusters. Future Adaptive Objective
(AO) observations are needed to charaterize several of their intrinsic properties, such
as mass and age.
The GC could have continued to form stars during the last 10 Myr with a potential
peak around 5 Myr ago. We have found that the EMSs within the Arches cluster is
systematically brighter than those in the Central cluster. This could be explained by
their age difference (Arches: ∼2 Myr and Central: ∼6 Myr, see § 5.5.4). On the other
hand, we have noticed that the peak of the luminosity distribution of the ‘field’ EMSs
is between the Arches and Central clusters. Therefore, most of the ‘field’ massive stars
could have age around 5 Myr. Combined with the Arches, Quintuplet and Central
clusters, the GC experiences a continuous star formation process recently.
Within this extreme environment, the properties of the young star clusters could
be different from those in the Galactic Disk. For example, there appears to be a
general deficiency of YSOs in the two clusters relative to the prediction from the
standard Miller & Scalo IMF. Compared with the X-ray emission from young stars in
the Orion nebula, our observed total diffuse X-ray luminosities from the Arches and
Quintuplet clusters suggest that they contain no more than 2×104 and 3×103 YSOs.
These numbers are a factor of 10 and 5 smaller than what would be expected from the
IMF and the massive star popluations observed in the cores of the two clusters. One
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possibility is that the IMF does indeed flatten at intermediate masses, as indicated
in a near-IR study of the inner regions of the Arches cluster (Stolte et al., 2005). The
potential collision between nearby a CS molecular cloud and the Arches cluster could
destroy the natal clouds of the Arches cluster before the low-mass stars form, thus
potentially causing the top-heavy IMF.
6.2 The properties of the EMSs
We have detected all the 50 WNs identified by previous spectroscopic observations
toward the GC. These stars have strong, emission lines in their K-band spectra and
indicate strong optically thin stellar wind. Since the magnitude of the dimmest WNs
is much larger than our detection limit (∼4 magnitude), we should detect all of the
WNs within the GC. A correlation between the EW and intrinsic luminosities exists
for both the WNs and OB supergiant, while the EW of OB supergiant is much smaller
than the WNs. Naturally, this indicates that the stellar wind is weaker in the OB
supergiant. However, we also notice that in the Central cluster, this linear relationship
has shifted to the dim side as compared to the Arches cluster. Therefore, the EW
at 1.87 µm could be determined by both the stellar luminosity and the stage of the
evolution.
The interstellar hot dust with temperature ∼1000K increases the difficulty in
finding the WCs within the GC. Assuming a system similar to M83 with super-
solar metallicity, we expect to find ∼60 WCs within the GC. Only 38 WCs have
been recognized by previous spectroscopic observations, and our method missed 14 of
them. We have shown that there is an anti-correlation between the EW at 1.87 µm
and the mid-IR color (Ks-[3.6]) and found that the hot dust could contribute as much
as 50% of the flux at 1.90µm. Therefore, the hot dust enhances the continuum at
1.87µm and reduces the relative EW. The strong dust producation rate in the WCs
could provide an efficient way to contaminate the nearby ISM.
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6.3 Remaining questions and future prospects
The uncertainty of the extinction, such as the extinction curve, strong spatial
variation, and absolute extinction, is the main obstacle in studying the GC. For ex-
ample, in our survey, we utilized two closed narrow-band filters to produce an adaptive
smoothed extinction map. There are, however, several disadvantages inherent to our
approach. First, our calculation is based on the assumption that most of the stars are
within the GC. If the molecular cloud is dense enough, the stars we found toward that
line-of-sight could be foreground and we underestimate the extinction of the molec-
ular cloud. Second, the flux ratio of these two filters is insensitive to the extinction.
Therefore, the uncertainty in the extinction of individual stars derived from this flux
ratio is very large. Therefore, we need to find an alternative way to better constrain
the extinction toward the GC, such as multi-wavelength spectral energy distribution
(SED) fitting. For this alternate emthod, multiple wavelength observations in the IR
over a relatively large wavelength range (J, H, K by UKIRT, F190N by HST, 3.6 and
4.5 µm by Spitzer) have been obtained toward the GC. Since in the Rayleigh-Jeans
side of the black-body emission of the stellar atmosphere, the intrinsic SED is fairly
insensitive to the exact stellar type of the evolved low-mass stars, which dominate
the stellar light in the near-IR bands. Therefore, we can execute the SED fitting for
each imge pixel or individual sources to map the extinction distribution toward the
GC.
After we construct a high resolution extinction map, there are several problems
that we expect to address: 1) the intrinsic stellar distribution within the GC. After
correcting for the extinction toward the GC, we can obtain the intrinsic K band
luminosity distribution within the GC, which we can then use to constrain the stellar
distribution model for the GC. The spatial parameters of two sub-structures within
the GC, the Nuclear Cluster and the potential nuclear bar, are also very interesting.
They are very important for us to understand the galaxy evolution. We can study the
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nuclear cluster and SMBH relationship and also understand how the molecular clouds
fall into the nuclear region through the nuclear bar; 2) the line-of-sight distance of the
giant molecular clouds within the GC. The giant molecular clouds within the GC are
very dense and it is reasonable to assume that they absorb all of the stellar light behind
them even in the K band. Therefore, if we know the intrinsic stellar distribution
toward those lines-of-sight, we can constrain the distances to these molecular clouds
and therefore their 3-D locations in the Galactic system. This could be used to study
the dynamic effect of the various components within the GC, such as stellar and
gas components; 3) searching for the young massive stars. As mentioned in § 5.5.5,
we are limited by the accuracy of the extinction. For now, we have only identified
the stars with strong stellar wind, such as WRs and bright OB supergiants. They
only represent the tip of the iceberg of the young stellar population within the GC.
More OB supergiants with less strong stellar wind are expected to be discovered with
more accurate extinction calculations. Furthermore, the spatial distribution of this
population is very important for our pursuit of young star clusters and their formation
mode.
Future ground-based observations could be used to study the massive stars within
the GC: 1) obtaining the line-of-sight velocity of the massive stars near the three
clusters with high-resolution spectra. The line-of-sight velocity could be used to
study their physical relationship, such as whether these massive stars were previous
cluster members or not; 2) improving the stellar model of the massive stars in the
high density environment; 3) ground-based AO observations with broad-band filters
in the near-IR are needed to constrain the properties of the star clusters within the
HII regions in the GC, such as mass and age.
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APPENDIX
GLOBAL PARAMETER OPTIMIZATION BASED ON
FITTING TO MULTIPLE OVERLAPPING REGIONS
In the main text, we have mentioned the use of global fitting to multiple overlap-
ping regions to optimize parameter determinations. Such parameters could be spatial
offsets (§3.4.4) or relative background corrections (§3.4.2) between adjacent images,
constructed for the quadrants, positions or orbits (we call them simply as ‘parts’ be-
low for simplicity). We label the parameters as δ
−→
X i, ”i” is the ID for different parts).
In each case (the spatial offset or the background correction), we minimize a specific
defined global χ2 to the optimal parameters for all parts.
We first define the global χ2. For two arbitrary adjacent parts, their best parame-
ter differences and errors (
−→
X ij and σij ,
−→
X ij=-
−→
X ji, σij=σji) could be calculated from
the cross-correlation method (for the spatial offset) or the median difference (for the
background correction) through the pixel values in the overlapping region. If two
parts are not adjacent, we set
−→
X ij=0 and σij=∞. Therefore, the formula for χ2 can
be expressed as
χ2 =
∑
i,j
(δ
−→
X i − δ−→X j +−→X ij)2
σ2ij
(A.1)
Then, in order to get a global minimum for χ2, we can create an equation array.
∂χ2
∂δ
−→
X i
=
∑
j
4× (δ−→X i − δ−→X j +−→X ij)
σ2ij
= 0 (A.2)
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i.e.


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j
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− 1
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... ... − 1
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− 1
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j
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... ... − 1
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... ... ... ... ...
− 1
σ2N1
− 1
σ2N2
... ...
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1
σ2Nj

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
(4)
N is the total number of parameters (288 in the astrometry correction, see §3.4.4,
16 and 576 in the background correction among quadrants and positions, see §3.4.2).
Since either in correcting the background difference in different quadrants, positions
(see §3.4.2) or relative astrometry (see §3.4.4), we always calculate the relative dif-
ference among the parts. Therefore, the equations for the parameters of one part
(one equation in background difference calculation and two equation in astrometry
correction for ∆α and ∆δ of one orbit) in the equation array should be extra. In
order to get an uniform solution, we set ∆α1=0 and ∆δ1=0 when calculating the
relative astrometry (see §3.4.4) and in the background difference calculation between
quadrants and positions (see §3.4.2), we add one more constrain that the sum of the
total background correction for all the parts should be 0. Then through solving the
2×(N − 1) (astrometry correction, the spatial shift of orbit 1 was fixed) or N (the
background difference) equations, we can obtain the parameters for the N parts.
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